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Modulation of Cosmic Rays by an Electric Field*

P. S. Freier and C. J. Waddington

ABSTRACT 5 7/
A modulation model is discussed which assumes that the decreased intensity
of the cosmic rediation is due to the energy loss experienced by particles

passing through electric fields in the solar system. The model is mathe-

matically equivalent to a heliocentric electric field., By assuming that the
particle source spectia are power laws in total energy per nucleon, the modulation

of the differential and integral intensities of protons and helium nuclei are

calculated, The predicted modulation observed by sea level neutron monitors and
meson detectors is also calculated and is given as a function of cutoff rigidity.

These calculations are compared to the measurements made during the last solar

cycle, @ Uﬂ'(u




It is generally agreed that the observed solar modulation of the cosmic ray
intensity arises from particle interactions with interplanetary electromagnetic
fields associated with the outward moving plasma of the solar wind, A major
problem which is encountered in understanding this modulatior. is to separate
the effects of energy interchanges between particles and fields from the effects
of scattering without energy changes. Some models, such as that originally pro-
posed by Paxker (1963), attribute the reduced intensity entirely to such scattering
processes, although in a later model Parker (1965) does take cther processes into
account but in a manner which does not lead to precise analytical solutions
except in the limit. This paper presents an interpretation of the experimental
data based on a concept of energy interchange between particles and the fields.
It is shown that the observed effects can be generally interpreted in terms of
a modulation produced by an equivalent electric field, and that this modulation’
can be simply expressed in a purely analytical form,

The equation for the instantaneous rate of energy change of a particle
meving in a field is given by: dI/dt = T . Vv, where T is the kinetic energy,

T is the force on the particle and Vv the particle w»i- ity, It can be seen that
in order to calculate the change of kinetic energy of the particle in coming
from infinity to the earth it is necessary to use the time average of T » V, and
to distinguish this fram the dot product of the time averages of T and v, which
may well vanish, Such a model, in which it is assumed that the energy loss
suffered by a particle in coming from outside the solar system to the earth is
the main cause of the modulation at the earth, is mathematically equivalent to
the electric field model of modulation originally proposed by Nagashima (1951)
and Ehmert (1960), and recently re-emphasized by Freier and Waddington (1965).
This model has the attractive featwre that it has only one adjustable parameter




apart, of course, from the question of the input parameters specifying the source
spectrum which presents a problem common to all models. As a consequence, by
| making assumptions on these input paraueters, it is possible to calculate the
expected modulation effects in detail and compare them with the experimental data.
Aside from the fact that the data car. e reascnably well fitted by an
electric field model of the modulation (as shown by Freier and Waddingtom,196L),
it is necessary to ascertain whether the solar system contains fields of such
a magnitude that it could be possible for particles on the average to lose as
much as 600 Mev per unit charge in coming through the solar system to the earth.
Such an energy loss (corresponding to a heliocentric potential of 600 x 10 volts)
would be necessary to explain the modulation observed during the last period of
maximum solar astivity., In the model proposed by Freier and Waddington (1965),
the earth is assumed to be at some positive potential V, which is heliocentric
and relatively constant out to some distance from the sun which is determined by
past and present solar activity. The electric field E = E.X. is thus usually cnly
present in some region outside the earth's orbit which may possibly be identified
with the shock front that must occur in the region somewhere between 10 and 100 AU
where the solar wind becomes subsonic,
From measurements in space it is now well established that there is a
continuous flow of plasma from the sun. The radial ejection of this plasma

combined with the solar rotation results in the sweeping out of magnetic lines

of force whose magnitude and direction have been measured near the earth,
Eépecially important to our knowledge of these magnetic fields is the work of

Ness and Wilcox (1965) who have shown that there is a regular longitudinal sector
structure in the field which co-rotates with the sun. They found in Lecember 1963,
for example, that 4/7 of the sectors had fields whose dirvection was away from the

sun, while only 3/7 of the sectors had directions towards the sun. Thus, it seems




plausible that particles arriving from outside the solar system and traversing
these fields could show an average change in energy which was not zero.

When a particle of charge Ze and of high energy passes through « plasma
stream carrying a frozen-in magnetic field '}'i-, its energy increases or decreases
by an amount W = Ze', correspending to the potential difference, V,, between
the boundaries of the plasma stream, Falthammar (1962), The electric field, E,
ingide the stream is given by E = ?”_._%ﬁ where w is the velocity of the solar
wind, Thus, streams travelling on the order of 500 km/sec carrying fields
of 5y have associated electric fields of the order of 2.5 % .10"3 volts/meter.

It is possible that such plasma streams of the dimensions of 101%m have potential

differences of 25 x 108 volis between their boundaries. Such a modulating
potential experienced by all cosmic ray particles would, for example, change
the counting rate of a sea level high latitude neutron monitor by about 0.8%.
Larger or more extensive fields are necessary to explain Forbush rlecreases and
the 11 year cycle modulation, but the quiet time solar wind velocities and
magnetic fields can account for the magnitude of the daily variations in neutron
monitors.

In order to calculate the expected particle spectra after modulation, it
is necessary to assume some form for the spectra outside the solar system,
In order to obtain the best possible fit to the existing data at high energies,

it has been assumed that the source spectrum of helium nuclei has the form:
Jye (>E) = 380 =145 particles/m? ster.sec

where E is the total energy per nucleon in GeV. The same spectral form is used

for the protons with a constant 15 times as large as for helium,

Jp (:E) = 15 Jyo (2E) = 5700 gmlo45 particles/m? ster.sec




The modulated forms of the differential and integral intensities have been
calculated from these spectra on the basis of the electric field model and
passage through 3 g/c:m2 of interstellar matter, Freier and Waddington (1865)
and show reasonable agreement with those spectra observed during the last golar
cycle, Figure 1 shows the differential intensities as a function of kinetic
energy for the power law in total energy, after passage through 3 g/cm2 of
interstellar neutral hydrogen, and after modulation by various potentials,
Figue 2 shows the integral intensities as a function of magnetic rigidity.

The latitude effect that should be cbserved by sea level neutron monit s
has also been calculated and is compared in Figure 3 to latitude surveys made
during solar maximum and solar minimum. This figure shows the predicted
jJatitude curves and the experimental observations made in 1954 and 1955 by
Rose et al (1956), and during 1957 and 1958 by Fukushima et al (1964) which
were recently summarized by Mathews and Kodama (1964).

A similar calculation of the ll-year variation in the counting rates of
meson counters at sea level as a function of cutoff rigidity predicts a form
for the modulation which agrees well with that cbserved. In Figure 4 are ghown
the predicted curves for sunspot minimum (V=100 Mv) and sunspot maximum (V=600 Mv)
along with the intensities measured by sea level meson counters, Quenby (1964),

Predicted Forbush decrease changes do not agree quite as well with
measured intensity changes as do the changes characteristic of the solar cycle.
High energy detectors tend to show more change than is predicted by the model.
For exampie, during the solar cycle the maximum change predicted for an under-
ground (60 m.w.e,) meson detector is 1.5% and only one-half that much for the Nov-
ember 1960 Forbush decreases, rHowever, underground meson detectors showed as

much as a 1,5% decrease during the November event, Mathews (1963). This large
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decrease lasted for only a brief time, and recovery from this abnormally high
moedulation occurred definitely sooner than reccvery for sea level detectors.

Figure 5 shows the variation in the modulating potential during the last
solar cycle, The continuous line is the potential corresponding to the average
monthly counting rate of the Ottawa neutron monitors. Individual determinations
of V from various intensity measurements of protons and helium nuclei made
during balloon flights are also shown, Measurements made during Forbush
decreases are identified by arrows.

With this model for the input spectra and the form of modulation, detailed
caleulation of aburdiance ratios of protons and helium nuclei can be made.
Figure 6 shows the predicted ratio of the differential intensities of protons
and helium nuclei as a function of magnetic rigidity. The experimental ratios
are those measured in emulsions and reported at this conference, Waddington and
Freier (1965)., With the a,ssw.m:i- form of input spectra, the ratio of protons
to helium nuclel is not consiant with rigidity; modulation changes the ratio
somewhat at low rigidities,

The presence of a positive potential at the earth shouid result in the
acceleraiion of negative electrons, A large flux of electrons of a few hundred
MeV would be expected at least during solar maximum. Instead, observations
show that the electron flw: >100 MeV is only 4% or less of the primary proton
flux above the same energy. Thus, it becomes necessary to postulate scme losg
mechanism for electrcns which removes them as they are beiny accelerated and
before they reach earth. Electrons being of lower rigidity than protons of
the same energy will be much more affected by any rigidity dependent sweeping

in the solar wind,
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. Figwel

Figure 2

Figure 3

Figure 4

Figure 5

FIGURE CAPTIONS

The differential energy spec’va of protons and helium nuclei

as a function of kinetic energy per nucleon, S indicates the
spectrum at the source which has been assumed to be a power law
in total energy per nucleon. The effect of passage through

3 gm/cm? of interstellar hydrogen is shown. This is the
unmodulated (V = 0) spectrum outside the solar system. The
differential spectra arriving at the earth for various potentials
are shown.

The integral rigidity spectra of protons and helium nuclei for
modulating potentials fiom 0 - 1000 Mv,

Predicted counting rates for sea level neutron monitors as a
function of tnreshold rigidity. The predicted curves are for
spectra modulated by potentials of 100 Mv in 1954 and 1855, and
600 Mv for 1958-1959, The experimental points are from latitude

surveys made during those years.

Predicted counting rates for sea level mesons at sunspot
minimun (V = 100 Mv) and sunspot maximum (V = 600 Mv). The
circles are axperimental results quoted by Quenby (1964), '

The time variations of the modulating potential, V, over the
last solar cycle. Tue continuous line is‘ the potential corres=-
ponding to the average monthly counting rate of the Ottawa
neutron menitor, Tudivid-al determinations of V from various

intensity measurements made during balloon flights are also shown.




- 10 -

During four Forbush decreases there have been several

‘
E-
,

r V (measured before, during and after the Forbush decrease)

determinations of the spectra. The corresponding values of

are showi connected by dotted lines.

‘ Figure 6 Predicted ratio of differential intensities of protons and
helium nuclei as a function of rigidity. Experimental

points are from emulsion experiments in 1963 and 1964, Freier
and Waddington (this conference).
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Low Energy Multiply Charged Nuclei in the

Cosmic Radiation

P, S, Freier, J. S. &0 and C, J, Waddington#®

"
g

ARSTRACT

Nuclear emulsions mounted in rplate "shufflers" were exposed at some
2.5 g/cm? over Fort Churchill in 1963 and 1964, These emulsions have been
examined for the tracks of multiply chaﬁged, Z > 3, nuelei, with particular
amphasis being paid to these particles brought to rest in the emulsions.
From these ending particles it appears that during this period near solar
minimun the ratio of L to M-nuclei with 170 < E < 360 MeV per nucleon,
corrected to the top of the atmosphere, is 0,55 + 0,18, which is appreciably
greater than the value cbserved at higher energies. Also given are values for
the total integral intensity of all Z > 3 nuclei in each year, and the differ-
ential intensity of M-nuclei derived from the ending particles. OJ mtb

#Supported by Office of Naval Research Contract No. Nenr 710(60).
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i. Introduction

For many years great interest has been attached to the question of the
abundance of the L-nuclei, lithium, beryllium and boron in the primary cosmic
radiation, However, not until 1961 at the Kyoto Conference was it possible
to conclude that there was general agreement that there existed a finite
intensity of Lenuclei in the primary cosmic radiatior. (Waddington, 1962). Even
this conclusior applied only to those nuclei with kinetic energies, E, of more
than 1.5 Bev per nucleon, Since then it has been generally accepted that the
ratic of L to M-nuclei having E > 1.5 Bev per nucleon is about 0,28, At higher

energies, the ratio was only approximately known, while at lower energies there was

some evidence that the ratio increased, e.g, Koshiba et al, 1963, This increase

in the ratio has frequently been interpreted as implying that lower energy particles

traverse more interstellar matter than do those of higher energy., However, it has
recently been pointed out by Hildebrand and Silberberg, 1965, that due to A/Z for
L~nuclei. being 2.2 rather than the 2,0 characteristic of M-nuclei, much of the
observed variation in this mtio‘could; instead, be due to solar modulation, If
this is indeed the case, then it might be expected that a measurement of the L to

M ratio at a time near solar minimum would give an appreciably lower value than

lthose obtained in times of solar maximum, For this reason this paper describes

provigsional results on the observation of L and M-nuclei brought to rest in two

emulsion stacks flown in plate shuflflers in 1963 and 1964 at a time when the
counting vate of the Mount Washington neutron menitor had an average value of 2350
per hour*; i.e, approximately 4% below the rate typical of solar minimum, but some
17% above that at solar maximum,

*Due to the severely limited statistics of this experiment the results of the
two flights have been combined in considering the L/M ratio. In fact,the
counting rates of the Mt., Washington neutron monitor differed only by 2,8%
between the two flights,
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II, Experimental Details

Two shuffler stacks were exposec over Fort Churchill in 1963 and 1964,
The first of these floated for 1l hours at 1,8 mbs, the second for 12 hours at
2.4 mbg. The cownting rates of the Deep River super neutron monitor were 6027 and
6195, respectively. Electrons, protons and helium nuclei have alsv been studied
in these stacks (Waddington and Freier, 1965),

A scan was made along a line 4,5 mms beluw the tup edge of the emulsions
for all trecks having more than 7 times the minimun ionization, longer than 4.5 mms
per plate and 2enith angles less than 45°, These tracks were followed through the
emulsions until the particles came to rest, left the stack, or produced nuclear
interacting. An approximate indication of the charge of those identified as

multiply charged nuclei was provided by §-ray counts, while those that came to
rest were identified from cumulative and differential §-ray counts made on the ending

portions of the track.

- IIT. Results

In order to determine the L/M ratio at low energies only those nuclei which
came to rest in the emulsions were considered. From the dimensions of the stack
and the amhunt of overlying matter; it was apparent that these nuclei were only
efficiently observed in the range of kinetic energies 170 to 360 Mev per nucieona
Then, by giving each ending nucleus a weight which depended on its path length and
the mean free path of that species in nuclear emulsion, it was possible to calculate 1
the observed L/M ratio as being 0,56 + 0,18, This, when corrected to the top of
the atmosphere, becams:

Fyo (170 < E < 360 MeV/n) = 0,55 + 0,18

which, even with this poor statistical weight, is appreciably greater than the value
of 0,28 observed at higher energies, However, whether this difference could still be
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attributed to solar modulation must await the improvement of the statistical
weight of this result,

One question that always arises with emulsion experiments involving
measurements of charge resolution is whether charges have been correctly identified.
A rough verification of the essential validity of the result obtained here is
afforded by examining the absolute intensity of ending M-nuclei -nd comparing it
with the values obtained by other workers, Figure 1 shows the value of
(1.50 “"_ 0.33)102 nuclei/m?ster.sec, MeV ver nucleon between 170 and 360 MeV per
nucleon obtained in this experiment compared with the values obtained by Lim and
Fukui, 1965 from a recoverable satellite flown at a time intermediate between
these two flights, The agrcement is very reasonable, Also shown in this figure
is a curve representing the spectrum of helium nuclei observed in the 1964 stack
(Waddington and Freier, this conference) together with the same curve after it
has been reduced by a factor of 605,,10“’29 the ratio of M to He-nuclei measured

at higher energies (Waddington, 1962}, It can be seen that this latter curve

is a good fit to the data, implying that ionization energy losses have played a
rcher negligible role during the interstellar propagation, as otherwise the
observed data would have been depressed below the predicted curve., This point is
discussed in more detail and taking account of the effects of solar modulation in
a paper on very heavy nuclei presented at this conference (Waddington and Freier,
this conference).

The final results obtained from this experiment are those on the total
intensities of Z » 3 nuclei, In a previous experiment the results were reported
on a number of such measurements made at many different levels of solar modulation

(Freier and Waddington, 1964), In this work, the intensities were quoted in the
form of those that would be calculated from an observation made under 10 g/c:m2 of
|

air and 1 cn of emulsion overlying the detecting line. The variation of these



-?] -

intensities with the counting rate of the Ottawa neutron menitor was showm as
Figure 8 in the above paper. This figure is reproduced here as Figure 2, with

the two intensities observed here superimposed. There is a surprisingly large
difference between these intensities which, however, partially agrees with the
previous data. The reason for this discrepancy is not at all clear at this

time, particularly since no such difference was observed among the ending M-nuclei,
and since the apparently low intensity value is the sum of two entirely separate

experiments which were in extremely good agreement,
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FIGURE CAPTIONS

Figure 1 The differential energy spectra of M-nuclei as observed by Lim and
Fukul, 1965, and in this experiment. Also shown are the differential
energy spectra of helium nuclei as observed in 1964 and when reduced

by the abundance ratio of M to He-nuclei,

Figure 2  The variation of the total intensity of Z > 3 nuclei, Jyo (corr.) with
the counting rate of the Ottawa neutron menitor, Curves 1l and 2 are
derived from similar curves for He-nuclei with energies greater than
200 and 500 MeV per nucleon, respectively, by multiplying by the ratio
of Jpo (corr.) to Jy,. Curve 3 is the least mean square fit to all
the previous data with N > 2500, The results from this experiment are

shown by +,
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‘O‘o VERY HEAVY LOW ENERGY COSMIC RAY '"'CLEI*

Q

{s . C. J. Waddington and P, S. Freier

ABSTRACT 1@ 'b § v/

A stack of nuclear emulsions having a surface area of 900 cm? and mounted
in a pressure activated emulsion "camera" was exposed during 1964 at a residual
pressure of 2,1 mbs over Fort Churchill, These emulsions are being used to
measure the intensity of -all nuclei having charges of 20 or greater and the
differential energy spectrum of these Z > 20 nuclei between 240 MeV/n and

650 MeV/n, This range of energies covers the regidn where nucle’ of different
charges might be expected to show the greatest spectral changes due to propagaticn
or other causes. Provisional results are reported on the energy spectrum and
intensities of these nuclei., These results show that, if acceleration processes

are neglected, the mean amount of interstellar or source material traversed by’

these nuclei does not exceed 2 g/cm?, (Z/LLC&'/"’

* Supported by U, S. Office of Naval Research under Contract No, Nonr 710(60).
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I. Introduction

Experimental examination of cosmic ray particles with dissimilar charge to
mass ratics provides a valuable means of investigating the solar modulation
process, while a similar examination of those particles having low cosmic
abundances gives an indication of the nuclear fragmentations produced during
propagation and thus indicates the mean amount of material traversed since the
initial acceleration process. In an analogous manner, an examination of those
cosmic ray particles having very high charges might be expected to provide

information on the icnization effects occurring while the particles are propagating.

A TS T T T Y T L AT e ™

Since such effects will be propertional to the square of the nuclear charge, clearly

the highest charged parﬁiclgs will afford the most sensitive indicators of these

. efiects, This report describes provisiocnal observations on the energy spectrum and

absolute abundances of the cosmic ray nuclei which have nuclear charges between
those of Calcium and Nickel nuclei, 20 < Z < 28, VH-nuclei, Less than 20% of the
‘available cata has been analyzed thus far and consequently, the final results and

conclusions may differ from those qubted here,

II. Experimental Procedure

" Because of the 'extmmly low absolute intensity of VH-nuclei, any experiment
which hopes to detect é reascnable number of these nuclei must have a large area-
solid angle exposure time factor, In tﬁis experiment, the particles were datected
in a stack of Ilford G5 600u stripped emulsions made up of 400 12" by 2" ‘pell-icles
and 50 12" by 6" pellicles, These emulsions were mounted in a vertical pla.ne- with
the 12" edge horizontal so that the total collecting'ama of the stack was about
300 cm?, Placed over this collecting area and acting as 'shutters' were two glass

backed emulsions mcunted in a mechanical frame so that they could be swung out of

the way. This emulsion 'camera’ was mounted in a pressure tight sphere and the
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shutters connected to the logic circuits of an alphatron pressure measuring device
so that they would open when the pressure fell to some predetermined value and then
close again after the pressure increased to some other predetermined value.

This device was flown from Fort Churchill on the 22nd of July 1964 and floated
for approximately 11 hours at a mean residual pressure of 2.1 mbs. Due to a mal-
function, only one of the two shutters opened at the preselected pressure of 3 e
It had originally been intended that this flight be simultaneous with a rocket
shot by Fichtel of the NASA group to study still lower energy nuclei, Adverse
winds delayed the rocket shot by several days, but all indications are that these
two experiments can be directly compared,

The processed emulsions have been scanned along a iine 2 mms below the tcp
edge for tracks as heavy as those produced by fast nuclei having Z=18, All such
tracks having a mean projected length greater than 2 mms and with zenith angles
of less than 35° were recorded, Thus far, all the scanning has been done in the
area covered by the shutter that did work, but as yet no attempt has been made to
identify those particles which entered while the shutter was closed, Once this has
been done, it will be possible to individually remove those particles whose energies
have been incorrectly calculated because they entered while the stack was under
appreciably more matter than at ceilin;,

Every particle found in this manner was traced through the emulsions until it
came to rest, made a nuclear interaction ; or passed out of the bottem of the
stack, With the stack thickness employed here and for this exposure VH-nuclei will
erd in the emulsions, and thus reveal their energies very accurately, in the
approximate energy interval 240-650 MeV per nucleon. The greatest uncertainty in
these energy estimates arices from the uncertainty in the charge determination,

If, for example, the uncertainty in the charge of a VH-nucleus is * 2 units of

charge, then the energy estimate has an uncertainty of less than } R
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Charge determinations thus far have been based on the measurement of delta
rays having a lateral range greater than 4,5u, Assignments of charge, based on a
scale built up from nuclei of small charge, such as helium and carbon, using
different range delta rays for Z < 8, leads to a peak of iron nuclei and a
subsiduary peak at calcium, Furthermore, there is a clear absence of particles
between the assigned charges of 20 and 16. These features all resemble those
observed at higher energies and give confidence to the general correctness of
the charge assignments., Nuclei which did not come to rest in the emulsion were
examined for changes in ionization by making delta ray counts at each end of the
track. These measurements allowed the velocities of VH-nuclei to be reasonably
determined up to the region where the ionization beccmes essentially independent
6f velocity and consequently, allowed charges to be assigned to these faster
nuclei, In the case of nuclei making interactions, the velocity could in every

case be determined either by ionization change, or from a study of the fragmentation
products.,

IITI, Results

From the measurements outlined in the previous section, it was possible to
determine the differential energy spectra of VH-nuclei between 240 and 650 MeV per
nucleon, the integral intensity of VH-nuclei above 240 MeV per nucleon and a
differential intensity of nuclei with 16 > Z > 1h4 between 210 and 350 MeV per
nucleon.

The differential energy spectrum of the VH-nuclei is shown in Figure 1 and is
based on the obrervation of 93 nuclei, These data have bzen corrected to the top
of the atmosphere by using a simple absorption mean free path of VH-nuclei in air
of 15 g/cmz, which for an extreme altitude flight such as this, only results in an
approximately 20% correction, Figure ). shows the results of smaller statistical
weight reported by Lim and Fukui (1965) for VH-nuclei observed in emulsions flown
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on a recoverable satellite at a time when the sea level neutron monitor counting
rate was 3,4% less than that prevailing during this experiment., By analogy with
observations on helium nuclei, Waddington and Freier (this conference), these
satellite results would be expected to be not more than 20% lower than those of
this experiment due to solar modulation. In fact, Figure 1 shows qualitative
agreement,

The integral intensity of VH-nuclei having E > 240 MeV per nucleon, after

correction to the top of the atmosphere, was:

Ty CE > 240 MeV/n) = 1,40 + 0,10 nuclei/n’.ster.sec,

This value, taken together with the comparable intensity of helium nuclei measured

in a flight made four days earlier, when the neutron monitor counting rate was i
0.7% less, of Jye (E > 240 MeV/n) = 266 + 17 nuclei/m?, ster.sec, Waddington and
Freier (this conference), leads to a ratio of VH to helium nuclei of (5,27 # 0,50)
103, This can be campared to the value of 5,9,10~3 previously measured for high
energy, E > 1,5 BeV per nucleon, nuclei, Waddington (1962).

Finally, it is possible to calculate a single differential intensity value
for those nuclei having 16 > Z > 14 between 210 and 350 MeV per nucleon, This

value is: (dJ/dE) = (11,5 + 2,4) x 10™* nuclei m?ster.sec, MeV per nucleon,

IV. Discussion

The differential energy spectrum of the VH-nuclei can be compared directly
with that observed for the helium nuclei four days earlier, Waddington and Freier
(this conference). If icnization effects are unimportant, then the spectrum of |
the VH-nuclei should be given by that for the helium nuclei when this latter spectmq
is reduced by the relative abundance of VH-nuclei to helium nuclei, TFigure 2 shows ‘
the helium spectrum and the resulting predicted VH spectrum. It should be noted |

that very little difference would be made if instead of using the VH-nuclei to
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helium nuclei ratic for E > 240 MeV per nucleon given above, the ratio for
E > 650 MeV per nucleon were used, (5,5 * 0,6) 1073,

Examination of Figure 2 shows that, with the possible excepliicn of the lowest
energy point, the data are in reasonahle agreement with the predicted cur/e, which
implies essentially no measurable effect due to ionization losses., An indication
of the expected effect of passage through as little as 2 g/’c:m2 of intarstellar matter,
neglecting fragmentation, which would further reduce the predicted spectra, can be
obtained in the following manner., If it is assumed that the source spectrum of
these nuwclei is a power law in total energy per nucleon, so that (dJ/dE) = K;

(E + mocz)"2°59 then it is simple to calculate the shape of the unmodulated helium
ard VH-nuclei spectra resulting from the passage through 2 g/ am? of interstellar
hydrogen, This unmcdulated spectrum of helium nuclei can be normalized to the
observed modulated spectrum by assuning an arbitrary value for the integral

intensity at some energy, Figure 2, for example, shov;s the resultant spectrum

when Jye (E > 240 MeV/n) is assumed to be 3C0 nuclei/m2ster.sec, MeV per nucleon,

The differences between this spectrum and that experimentally observed represent

the modulation functions at everv energy. The unmodulated spectrum of the VH-nuclei,
after passage thmﬁgh 2 g/am? can now be similarly normalized, using the VH to helium
nuclei ratio. This ratio should be that of the unmodulated spectra, but since it is
being implicitly assumed that both these groups of nuclei are similarly modulated,
the ratio should be unaffected, The resulting unmodulated spectrum is shown in
Figure 2, together with the spectrum produced when this unmodulated spectrum is

operated on by the modulation functions found from the spectra of the helium nuclei,

- Because of this feature of operating on the theoretical spectrum with the deduced

modulation function, it is apparent that the resultant predicted spectrum is largely

independent of the original J(> E) intensity value chosen to normalize the theoretical

spectrun, Furthermore, since the modulation is presumably a Z dependent function,
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while ionization loss is 22 dependent the predicted spectra will be still further
depressed if it is assumed that the mean amount of matter traversed is greater than
2 g/ am?,

Examination of Figure 2 shows that the observed intensities are about a factor
of two higher ihan those predicted after traversal through 2 g/cmz, but in reasonable

agreement with those expected if ionization plays ro appreciable role during propa-

wderlying the analvsis givén above, it is presunably just possible to reconcile
these data with the passage <f 2 g/c:m2 of interstellar metter, but this must surely
be an upper limit, If this result is incompatible with path lengths derived from
the composition, then it will be necessary to conclude that some acceleration,
proce sses take place durmg the majority of thé time while the particles traverse

the matter so as to overcome the influence of the de-accelerative ionization losses.

‘gation. In view of the provisional nature of this data, and the uncertain assumptiong
. 1

|
1
|
i
l
{
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FIGURE CAPTIONS
Figure 1 The differential energy spectrum of VH-nuclei as measured in this
experiment and compared with the data of Lim and Fukui (1965).

Figure 2 Differential energy spectra of helium and VH-nuclei for variocus

assumptions and models, see text.
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Electrons, Hydrogen and Helium Nuclei of the Cosmic Radiation
As Observed in 1963 and 1964%*

Ce Jo Waddir;gton and P, S, Freier
<1
- ABSTRACT ’OD 7,)5

Nucléar emulsions were exposed over Fort Churchill in plate "Shufflers"
flown in 1963 and 1964, Preliminary data on the low energy hydrogen and helium
nuclei observed in 1963 have already been reported, These chservations have now
been extended to cover a wider range and to include electrons, A similar analysis

" has been made in the shuffler stack flown in 1964 at a time when the counting rate

of high latitude sea level neutron monitors had increased by 2.8%, In both stacks !
the energy spectrum of the hydrogen nuclei has been studied over the energy range,
80 MeV < E < 4 BeV, which represents a considerable extension over previously ]
available techniques. Similarly the helium nuclei have been studied over an energy
range of 70 MeV/n < E < 1.3 BeV/n, so that for swe first time those two components J
have been studied over a widely overlapping range of rigidities, 0.74 < R < 4.0 BV,

Integral and differential intensities for both years are presented, as are those' |
on the small number of electrons observed in each stack. Analysis of these ‘
results shows that in this energy range, the modulation cannot be solely velocity
dependent and that there exists a clear discrepancy between these results and some ‘

of those reported for the IMP-I satellite, |

o

* Supported by U, S. Office of Naval Research under Contract No. Nonr 710(60).
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I. Introduction

Electmns, hydrogen and helium nuclei present in the primary cosmic radiation
were studied by the authors with a nuclear emulsion shuffler detector flown from
Fort Churchill, Manitoba, in 1963, Freier and Waddington (1964, 1965a). This
latter paper will henceforth be referred to as Paper I, Here the results are
reported of a similar study imade with a similar detector flown from the same
locality a year later, in 1964, at a time when the iInfluence of solar modulation
had been appreciably relaxed and the counting rate of the Deep River neutron
monitor had increased by 2.8%, The methods of analysis employed were almost
exactly those described in Paper I and the reader is referred to that paper
for details. The main difference between the two flights was that the second
was at an average residual pressure of 2.4 mb compared with the 1.8 mb obtained
in 1963,

II, Experimental Results

The observed proton intensities were corrected for the effects of the over-
lying atmosphere in a manner similar to that described in Paper I, Tigure 1
shows the intensities of secondary protons produced in the overlying emulsion as
measured in 1963 and 1964, together with the ‘intensities predicted from interactiocn
data. Also shown are the expected intensities of secondaries from 2,7 g/cm2 of
air, and this curve, together with the observed intensities, leads to the primary
intensities shown, The use of the shuffler technique eliminates any necessity for
making corrections for particles entering during the ascent phase of the flights.
The remaining corrections on these nuclei, and on the helium nuclei, in particular
those for absorption, follow the procedures given in Paper I.

The differential energy spectra at the top of the atmosphere of the hydrogen
and heliun nuclei are shown in Figure 2, together with the spectra ocvserved in

1363, the spectra predicted from an electric field modsl of modulaticn at different
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modulating potentials, Freier and Waddington (1965b), and the low energy hydrogen
and heliun data obtained from the IMP satellite, McDonald and Ludwig(1964); Fan
et al (1965); Gloeckler(1965),

The differential energy spectra of the electrons, not at the top of the
atmosphere, but under 2,7 g/cm?, are shown in Figure 3, Also shown on this figure
are the values obtained in 1963 under 2,1 g/am?, the magnitude of the meson spectrum,
as an indication of the secondary contamination, and the spectrum recently reported
by L'Heureux and Mever (1965) under 4.1 g/ cm?, These data have not been corrected
to the top of the atmosphere because of the uncertain nature of this correction,
However, as an indication of the possible magnitude of such a correction, Figure 3
also shows a curve for the intensities of secondaries as proposed by LHeureux and
Meyer (1965), after being suitably corrected for the lesser atmospheric depth of this

experiment,

I.., Discussion

long term temporal variations in the relative abundances of nuclei of a
particular species are a consequence of the solar modulation mechanism, Any
reasonable model of this process should be able to predict particular values
for the ratio of the intensity at one time to that at another time., However, the |
relative abundances of nuclei of different species do not necessarily vary as a
consequence of solar modulations. Indeed, it is difficult to envisage a physically

reasonable model which would predict temporal variations between nuclei having

similar charge to mass ratios., Nuclei with dissimilar charge to mass ratios may,

on the other hand, well show changes in their relative abundances as solar modulation

1
\
f
|

levels change, and any specific model should be able to predict these variations,
As a consequence, a study of the variations in the relative abundances of similar l
nuclei at two times, and of dissimilar nuclei at a particular time, prcvides a strong |

test of any model proposed to describe the pl.enomena of solar medulation.
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f Two models of particular interest are the electric field model recently

L reviewed by the authors, and the solar wind model proposed by Parker (1963)

l. in which it is assumed that an equilibrium condition is established between the

! sweeping out of cosmic ray particles by the solar wind and their inward daffusion
through scattering by irregularities in the interplanetary magnetic field, This
model leads to a modulation function of the form exp (-wn/v), where  is the solar
wind velocity, n is the number of effective mean free paths between the point of
detéction and infinity and v is the particle velocity. In this model, n is a
constant for low rigidity particles but inversely proporticnal to the square of
the particle’s gyro-radium at higher rigidities, This model, like the electric
field model, can be expressed analytically, but does have an unfortunately large

. nunber of adjustable parameters; however, by making some rather arbitrary

assumptions, it is possible to obtain predictions which can be compared with

experimental data.

} In order to facilitate the comparison between the predictions of the theories

i and the experimental observations, those data obtained from the IMP-I satellite

‘ on low energy protons and heiium nuclei have been included in this anzlysis,

Briefly, these authors report that during a time period when the counting rate of

the Deep River neutron monitor increasad by 1,09%, the proton intensity between 25

and 80 MeV increased by less than 10%, while during a counting rate increase of

1,35%, the intensity of helium nuclei between 30 and 80 MeV per nucleon showed

an appreciable and well defined increase., In order to cumpare, at least approximately,

these data with the results of this experiment, in which the counting rate of the

neutron monitar increased by 2.8%, the percentage increases of the IMP data have

¥ 0

been doubled.
The intensity ratios obtained in this experiment, both for protons and for
helium nuclei are shown in Figure 4 as a function of kinetic energy per nucleon,

rij(E), together with the IMP data and the predicted variations from the electric
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field model, In spite of the rather poor statistics, two points are apparent.
Firstly, since particles of the same energy per rucleon have the same velocity,
the clear divergence between the protons and the helium nuclei ratios shows that

in this energy range the modulation cannot be solely velocity dependent. Secondly,

the more rapid variation of the protonsthan of the helium nuclei observed in this
experiment can hardly be consistent with the reverse behavior exhibited by the

IMP results. This is in spite of the fact that in each case the overall intensities
measured are in good agreement, see Figure 2, The variation in these ratios pre-
dicted by the electric field model on the basis of a change in modulating potential
from 200 to 100 Mv are also shown and seem to be in reasonable agreement with this
data, but not with those from IMP.

In Figure 5, the intensity ratios are plotted as a function of rigidity,
r;1(R), It is apparent that in the region where the protons and helium nuclei have
similar rigidities these data and the IMP helium data are in good agreement with the
concept of a purely rigidity dependent modulation. A modulation curve of the form
proportional to inverse rigidity is shown normalized to a 100% increase at 0,5 BV
rigidity, The IMP proton data are in complete disagreement with these conclusions.
Also shown are the predictions of the electric field model with the same asswrxptim
as before., These predictions appear to be in reascnable agreement with the results
obtained here but do not fit either the proton or helium IMP data,

Finally, Figure 6a shows the abundance ratios of the protans to helium nuclei
as a functicon of the kinetic energy per nucleon as measured in 1963 and 1964. These
data can be compared with the variations predicted by the electric field model and
Parker's model. For this comparison, the predictions of Parker's model have been
calculated by assuming that the differential enargy spectra at different lesvels of

modulation are those given by the electric field model and that the critical rigidityi

at which a particle has the same gyro-radius as the scale size of the magnetic field
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irregularities is that of a 300 MeV proton; or a 80 MeV per nucleon helium nucleus.
With these assurptions it is possible to calculate the relative ratio of proton

to helium nuclei observed to that ratio prevailing in interstellar space. .This
variation is shown in Figure 6b, togethex with that predicted by the electric
field model. A comparison of Figures 6a and 6b suggests that possibly Parker's
model is a somewhat better representation, but the errors are sufficiently large
and the behavior at high energies sufficiently divergent, that this is not a very
strong confirmation, It may be noticed that if Parker's model, with the assumptions
made here, is indeed a reasonable representation, then the modulation should be
purely velocity dependent for protons with energies less than 300 MeV and helium
nuclei less than 80 MeV per nucleon. Once again, this does not agree with the

IMP data.
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FLGURE CAPTIONS

The differential energy spectrum of the primary and secondary protons
observed in these experiments. The secondaries produced in the

3 g/cm? of emulsion overlying the scan line are shown for 1963 and
1964 together with the predicted curve, while those predicted for the
2,7 g/cm? of air above the emulsion are shown as a dashed line. Those
protons observed at the scan line are labeled "primary plus secondary",
while the result of making the correction for secondary protons is

shown by the points labeled "“primary",

The primary differential energy spectra of the protons and helium nuclei
as observed in 1963 and 1964, The curves shown are the predictions of
the electric field model of solar modulation at various modulating
potentials, V in Mv. The IMP results on each species of nuclei are
shown by the dotted straight lines,

The differential energy spectrum of electrons. Also shown are the spectra
of mesons observed in the two years, as an indication of the secondary

contamination, and the spectrum recently published by L'Heureux and

" Meyer (1965).

The ratio of nuclei of a particular species in 1964 to those in 1963
at a specific energy per nucleon, The predictions of the electric
field modulaticn model are shown as dashed lines, while the IMP-I data

appears as solid lines.

The ratio of nuclei of a particular species in 1964 to those in 1963
at a specific rigidity, Similar to Figure 4 except that a curve
representing a modulation inversely propertional to rigidity is alsc
shown,
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. Figure 6 (a) The ratio of protons to helium nuclei as a function of kinetic

energy per nucleon in 1963 and 1964,

(b) The ratio of the above ratio to that prevailing in interstellar
space as predicted iy the electric field and Parker's models of
solar modulation at different levels of modulation measured in terms

of equivalent electric potential in Mv.
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“ bc%dies of Primary Cosmic Rays with Ionization Chambers®

B L S

S. R, Kane and J. R, Winckler
o School of Physics and Astroncmy

and

R, L. Arnoldy
Haeywell Research Center

: Hopkins, Minnesota %

ABSTRACT

It is shown that the response of ion chambers in the atmosphere and in free
space is peaked over narrow rigidity intervals; these are 1.5 - 2,5 bv, 2,5 =
3.5 bv and 3,0 - 4.0 bv for free space, high latitude balloon and Minneapolis
balloon chambers, respectively, Using these results and measurements made with
the Pioneer V, Mariner II and OGO-A ion chambers, the rigidity dependence of the

long-term modulation during 1960-1965 is found to be consistent with the form
p‘% where 8 = 0,8, The solar cycle effect at 10 g/cm2 as measured by balloon

flights at Minneapolis and high latitudes is presented. A phase lag of about one
year between the total ionization and sunspot numbers exists throughout the cycle.
A correlation plot of the high latitude ballocn ionization rate and the Deep River |
neutron menitor for 1958-1965 shows a smooth relationship between the two rigidity
ranges, The rigidity dependence of the short-term modulation as measured with
space ion chambers in several cases is shown to be different than the long-temrm,
The "turn-up" in ionization in the atmosphere at high latitudes observed at solar
minimum can be attributed to the presence of low energy S nuclei in the primary

radiation at solar minimum. The peak ionization intensity of the present sclar

minimum appears to have occurred in May 1965, aiuﬁ;ﬂ)

#This work was supported by a grant from NASA under Contract NAS5-2071,




I. Mean Rigidity of Response

In this paper we shall e aluate quantitatively the rigidity response of

ionization chambers flown in the high atmosphere and in deep space. The rigidity
dependence of the s;c@&k' cycle modulation of the primary cosmic ray spectrum will
then be investigated using these results. The differential response curves for

ion chambers as determined by Callender et al, 1965 and Kane et al, 1965 are
sumarized in Figure 1, The balloon curves are derived from latitude surveys at

10 mbs by Neher, 1965 and Neher and Anderson, 1962, The free space ion chamber
repsonse curves were obtained by calculation using a known primary spectrum for

the 0GO-A ion chanber by Kane et al, 1965, One notes in Figure 1 that the response
is peaked over a narrow rigidity renge with a shift of the maximum downward at solar
. minimum, The mean rigidity of response is calculated by integrating the rigidity
over these response curw:s above the appropriate cutoff as a lower limit of integ-
ration, ‘The results obtained are: for free space, 2,9 BV decreasing to 2.1 BV at
solar rinimum; and for a Minneapolis 10 mb ion chamber, 4.0 BV decreasing to 3.0 BV

at solar minimum, We now compare in Figure 2 the fractional increase of ion chambers

during the period 1960-1964 with the fractional change in helium nuclei in varicus
rigidity ranges, This comparison is made against the fractional increase in the
? Mt, Washington neutron monitor and will serwe as an independent check on the
correctné;:-xs of the mean response rigidity evaluated above., The response rigidity
inferred from the ion chamber curves in Figure 2 considered in relation to the
helium nuclei curvas does, indeed, agree with the calculated mean respcnse rigidity
given above, |
' II, Solar Cycle Variation Measured with Balloon Ion Chambers

In Figure 3 we compare the monthly average sunspot numbers with the 10 mb
. ipniza‘cion measured at Minneapolis and at high latitude with a long series of
| balloon flights, The balloon data is expressed as a fracticnal change from the
§ November 1958 ronthly mean. Values in 1954 and 1955 are from data normalized from

b
eSS L S e s




- 50 =

H, V. Neher (see Callender et al, 1965). This figure shows the large solar

cycle modulation effect in bailoon ien chambers and the latitude difference between

Minneapolis and Churchill which disappears at solar maximum and reappears again
at solar minimum. The cosmic ray curve, like the sunspot curve, is asymmetrical,
drops rapidly and recovers slowly. An apparent more or less constant phase lag of
about cne year exists between the cosmic ray rates and the sunspot numbers all the
way through the cycle, This phase of about one year, if attmibuted to solar wind
effects propagated from the sun with a speed of 300 km per second would imply a
modulation scale size of about 150 astronomical units, In May of 1965 the high
latitude ionization rates at 10 mbs have slightly exceeded their value at the
prev: us sunspot minimun period, The smooth relationship between the long term
modulation of the 3 BV range of mean rigidity and the 15 BV range is shown in
Figure 4 where a correlation curve of high latitude ion chamber data and the
Deep River neutron monitor is given,
III. Ionization Chambers in Free Spéoe

In Figure 5 we have assembled on the same normalized scale, the free space
ion chamber measurements made on Pioneer V, Mariner II and 0GO-A, These are |
plotted against the Deep River neutron monitor houcly rate and cover the pericd
1958-1965; that is, during almost the entire upward trend in the cosmic ray
vates since solar maximum, The inserts at the right of Figure 5 show expanded
correlation plots during the history of each of the three satellites. The long
term correlation is a linear one, but cne notes that the slope may be different
for the shorter tém variations shown in the inserts and is markedly so for
Pioneer V and aiso for Mariner II. Both of these spacecraft encountered 1a_rge

Forbush type decreases in the cosmic ray intensity. This may be taken as evidence

that the rigidity dependence of the short and long term variations are not the same

over the extrene range covered by the free space chambers and neutron mor.itors,

In Figure 6 the daily average ionization rates obtained from OGO-A when the satellite
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was at apoge=, free of the influence of the magnetosphere, are plotted through the
entire history of the 0GO-A and for camparison the Deep River neutron monitor,
One notes the general similarity of the two curves even for short term changes,
The life histovy of 0GO-A covers what appears to be the peak coémic ray intensity
of the solar minimum period which occurred in early May 1965, The 0GO-A data
includes also the rather unusual sudden increase in cosmic ray intensity on
approximately 1 December 1964,
IV. Low Rigidity Modulation Spectrum

Using the mean response of ion chambers and the data given in Figure 2 the
rigidity dependence of the long term modulation of the primary spectrum for the
time period 1960 to 1964 and in the rigidity range 1.5 - 4 BV can be determined,
The fractional increase in the ion chamber rates and helium nuclei intensities
are plotted versus rigidity in Figure 7, It can be 'seen that the observations

in Figure 7 ave consistent with the modulation of the form MP~®. The straight
line in Figure 7 corresponds to 8 = 0,8, If the total periocd is divided into

two parts, (see Kane et al, 1965), one finds that for 1960-1962, 8 = 0,8, whereas

for 1962-1964, B = 1,4,
V. Comments on the "Tum-up" in ionization Curves Observed at High Altitude

As a result of ballcon measurements auring the 1954 solar minimum, Neher,
1962, has observed a sharp increase of ionization near the top of the atmosphere
at high latitudes. This observation has been frequently discussed, but the éaﬁse
has not been determined, Attempts to fit the ionization depth curve with proton
spectra estimated for solar minimum conditions have not been successful. Recently,
on a balloon flight at Barrow, Alaska in May 1965 conducted by D, J. ilofiarn of the
University of Minnesota, the ionization turn-up phenumena was observed and the
primary proton and helium spectrum in the low rigidity range was simultaneocusly
measured, The ionization meagsurement is shown in Figure 8, A simultaneous flight

made at Minneapolis shows the latitude effect of total ionization very clearly,




A T T s e e e S - e e LT Ll e T e e e

- - 0 7/ -

- 52 =

For comparison, an early flight made at the period of solar maximum at Minneapolis
is also included in Figure 8, Tor a simple method of investigating this "tum-up"
phenomena, we take differences between the high latitude and Minneapolis ionization
curves obtained from the simultaneous flights. This difference must be duve to
primary particles having a rigidity equal to or less than 1,3 BV which is the
“inneapolis cutoff. In Figure 9 this experimental latitude excess is shown by the
dotted line. Using the known response of the ion chambers to the various charge
components of the primary spectrum and the direct particle measurements by Hofmann
on the Barrow flight, together with estimates in the higher rigidity range by
Webber, 1965, we have also calculated the expected latitude difference., The
differences for protons, helium nuclei and S-nuclei snd the summation for total
primaries are shown in Figure 9. The conclusion is that the proton spectrmit as
observed can never produce a turn-up in the ionization dep:h curve, This is
because of the lack of low energy protons in the spectrm of the primaries
observed by Hofmann at solar minimum. This confirms the earlier calculations
about the turn-up phenomenon menticnecd shuve, Figure 9 also shows a calculated
contribution of helium nuclei based on the observed spectrum of Hofmann on the
Barrow flight, The helium nuclei, likewise, cannot provide the éxcess ionization
needed for the "turn-up" phenamenon, The contribution of heavies is included by
assuning the ﬁatio of heavies to helium to be the same over the complete range of
rigidities. In fhis case, the contribution of heavies below 200 MeV'- per nucleon
is sufficient to produce the rapid increase of ionization as shown in Figure 9,
Although this calculation is rather crude, we feel that the ionization depth
"turn-up" phenomena observed at solar minimum can be satisfactorily accounted for
by the primary cosmic ray spectrum and that there is no need to inwvoke any strange

or unusual type of radiation.,
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FIGURE CAPTIONS

Differential response curves for ion chambers in space and on
balloons., The former are computed using the known primary spectrum
and the latter are based on Neher's latitude surveys,

Fractional increase in the ion chamber rates and the intensity of

He nuclei in various rigidity intervals as a function of the

corresponding increase in the Mt, Washington neutron monitor

during the period 1960-1964, Rates in September 1964 are taken

as reference levels,

Variation of the balloon ion chamber rates and the sunspot numbers
during the last solar cycle (1954-1965), Ion chamber measurements
prior to 1955 are due to Neher, |

Relationship of the high latitude ion chamber rates (10 rb altitude)

~ and the Deep River neutron monitor during the period 1960-1965, The

neutron monitor rate corresponds to the time when the balloon attains
the 10 mb level,

Monthly mean ion chamber rates in free space from solar maximum (1958)
t¢ solar minimum (1965) plotted against the corresponding Deep River
neutron monitor rates. The inserts at the right show the correlation
plots of the daily mean rates during the history of each satellite,
Daily mean rates of the 0GO-A ion chamber and the Deep River neutron
monitor during the period September'-lg.’iu - June 1965, The peak in the
cosmic ray intensity apparently occcurred in early May 1965,

Rigidity dependence of the long-term modulation of the primary
cosmic rays, during the period 1960-1964, The intensity in September

1964 is taken as reference level,
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Figure 8 Variation of the balloon ion chamber rates with atmospheric depth.
Note the "tum-up" in the high latitude ion chamber rate at solar
minimum (May 1965).

Figure 9 Observed and computed difference in Minneapolis and high latitude ion
chambers at various atmospheric depths. Computations are based on

the known primary spectrum at the top of the atmosphere.
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Measurement of the Isotopic Camposition of Helium Nuclei in the Primary

Cosmic Radiation in the Energy Interval 80 - 150 Mev/nucleon®

D, J. Hofmann and J., R. Winckler

ABSTRACT \\55’(

A dE/dX - E scintillation counter device was flown at high altitude
over Barrow, Alaska for a period of about 30 hours on 12 May 1965, a time
of absolute solar minimum, The detector was capable of resolving protons,
deuteraons, He3 and He" nuclei, In this paper, only the helium nuclei results
will be discussed. Energy and rigidity spectra are extracted for He3 and He'
taken separately. The ratio Hea/He3+_He“ is found to be constant over the energy
interval 80-150 Mev/nuclecn with a value of 0,19 + 0,05 and in terms of rigidity,

the ratio is found to be 0,39 + 0,09 at .8 Bv, The relation of these ratiocs to

the solar modulation is discussed. aq,uda?v

* This work was supported by a grant from the Atmospheric Sciences Section of the
National Science Foundation.
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On May 12, 1965, a dE/dX - E scintillation counter device was launched
on a balloon from Barrow, Alaska (69,5° N geomagnetic lat.) as a part of the
IQSY polar cireling balloon (POCIBO) project. Total flight time was about
31 hours with 26 hours of good data between 3.5 and 4,5 g/cm? atmospheric
depth. On this date the Deep River neutron monitur and the 0GO-A ionization
chamber in free space’ indicat.d the highest counting rate during the current
golar cycle, Thus the flight was made at absolute solar minimum in terms of
particle influx, During the flight, the detector neasured the spectrum of
protens from 10 -~ 128 Mev at the detector, and helium nuclei from 25 - 100
Mev/nucleon at the detector. The inherent mass resolution of the detector and
the increased amount of data gathered (220 helium nuclei), compared with previous
balloon measurements, permits the energy spectrums of the two resolved isotopes

* to be evaluated separately and thus to examine for the first time,

4

He.3 and He

on energy and rigidity.
Figure 1 is a two-dimensional pulse height distribution from the dE/JIX - E

the dependence of the ratio He3/He+ie

scintillation counters éhowing all events in the low gain helium mode during 26
hours of the flight, The smooth curves are the theoretical positions of the

- He3 and He'* lines, Background due to nuclear interactions in the crystals is

only a seriocus problem below 100 Mev total kinetic energy and this data has been
excluded from the analysis. Data in the region >25 Mev/nucleon from the 26 hours
is shown as a mass histogram in figure 2, Also shown are Gaussian distributions
with 10% half-widths, the estimated resolution of the dE/dX scintillator for
particles of this energy. Figures 3 and 4 show the differential energy/nucleon
and rigidity spectrums of the He3 and He" camponents taken separately and grouped
together and treated as He*, The data has been extrapolated to 0 gn/ am? usirg
appropriate range energy data for the two species and the only flux correction
amounted to an 8% increase due to atmospheric abscrption and production by heavier
nuclei, using the data of Freier and Waddington (1965). Thus the errors indicated
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in the figures are pumly' statistical, Also given in figures 3 and 4 are the
ratios He3/He +Hie" in terms of energy/nuclecn, Over the interval from 80 - 150
Mev/nucleon, the ratio appears to be constant with energy/m.\cleon. having a

value of .19 with A statistical deviation of _+_ .05 at any one energy/nucleon

and + ,035 if all particles are grouped together, The rigidity spectrums overlap
around .8 Bv giving a ratio of .39 + .09 and the shape of the spectrums suggest
that the ratio increases with decreasing rigidity and may be as high as .5 at

ot = o5 Bv,

The He3/He3+He" ratio measured at the earth is dependent on the cosmic
ray Source spectrum, interstellar fragmentation of He* and heavier nuclei,
propagational effects such as energy loss by ionization in interstellar hydrogen
and acoceleration or deceleration in interstellar magnetic fields, and local
modulation by solar influences. The scarcity of He3 in most stellar atmospheres
implies that the major source of Hed is spallation of He' and heavier nuclei in
passing tlirough interstellar hydrogen., It is of interest to note that mass
spectrometer measuremsnts of helium nuclei in a dozen iron metecrities revealed
a mean He3/He34e" ratio of .20 + .03 (Signer and Nier, 1962), Since these
data were obtained from the interiors of large mteon".tes, they are presumably
insensitive to the primary cosmic ray abundances as the outer layers where such
particles stop were burned away by passage ttmugh the atmosphere, This central |

concentration of Hed is thought to be due mainly to high energy cosmic ray nucleons
causing evaporation of iron nuclei, It is an observational fact that the relative

abundmee reported in our measuremsnt is the same as that observed in the meteor-
ites. A high velocity iron nucleus in the primary cosmic radiation striking an

interstellar hydrogen atom constitutes the same process mentioned above for

meveorites but viewed from a different reference frame. This process alcne would

produce the observed ratio of He3/He3+He", However, one must consider in detail
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the diffusicn through interstellar space of all the nuclear species in the primary
cosmic radiation. Cne is led to the requirement of He'* in the source and this He"
becomes a major contributor te the He3 abundance, From several such diffusion
calculations of the path length in interstellar hydrogen as a function of the
ratio Hes3/I~Ie3+He'“9 (Appa Rao, 1961; Foster and Mulvey, 1963; Dahanayake et al,1964)
and using cur measured ratio at soiar minimun, we estimate the path length to be
6.5 * 1.5 gm/cm2 in the energy range 80 - 150 Mev/nucleon., The interpretation

of this value must be qualified by the possible effects of solar modulation. The
only available measurements at other times in the solar cycle are those of
Dahanayake et al (1964) who, uwtilizing emulsions, found a ratio of ,18 + .05 in the
energy interval 160 - 370 Mev/nucleon at high latitude in 1962, and Hildebrand et
al (1963) report a ratio of only .06 + .03 in the energy interval 255 - 360 Mev/
nucleon in 1961, Since considerable discrepaﬁcies appear to exist between these
measurements and because the energy range is higher, little can be.said about the
erergy dependence or solar modulation dependence of the ratio by a caomparison of
these values with those reported here., One might expect the ratio at .80 - 150
Mev/nucleon in 1965 to be significantly higher than the ratio at 160 - 370
Mev/nucleon in 1962 because (1) The path length in interstellar hydrogen may be
energy dependent, causing the ratio at lower energy to be higher, (2) Most theories
of solar modulation predict a maximun in the ratio at solar minimun, From our data
alone we note that the observed energy/nucleon spestrum of Hed is similar to that

mn

of He'y and that the measurement was made as close as possible to solar minimum

in terms of particle influx, Neglecting spectral changes due to energy loss or
gain processes in the interstellar medium, one would expect the energy/nucleon
spectrum of the two species to be similar in the near interstellar space free
from solar modulation. Since the spectrums also appear similar near the earth,
one concludes that at solar miniram, the modulation has little effect cn the
observed He3d/He3+He"* ratio and it is thus probably close to the interstellar

value in this energy interval.
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FIGURE CAPTIONS

Figure 1  Pulse height distribution of the energy lost in the dE/dX
crystal (AE) plotted versus the energy lost in the E crystal
(E = £E) in the low gain helium mode, Smooth curves are the
theoretical He3 and He' lines, Scattering of points below

100 Mev is due to nuclear interaction background,

Figure 2 Mass.histogram taken perpendicular to the helium lines between
1.5 and 5.5 mass units and E > 25 Mev/nucleon, Gaussian dis-
tributions superimposed were calculated for 10% half-widths
as estimated for the resolution of the dE/dX scintillator.

Figure 3 Differential energy/nucleon spectrums extrapolated to the top

. of the atmosphere for He3, He" and the two taken together

‘and treated as He', |

Figure 4 Differential rigidity spectrums extrapolated to the top of the

atmosphere for He3, He%, and the two taken together and treated

‘as Heuo
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Measurements of the Primary Proton and Helium Spectra ancd Their Modulations

Using a Balloon Borne Cerenkov-Scintillation Counter #

J. Fo Ormes and W, R, Webber

STRACT |’5%\< y

During the years 1963-1965, the spectra of protons and helium nuclei have
been studied on eleven flights at seven geomagnetic latitudes using a modified
version of the Cerenkov-scintillation counter, The flights attained depths of
2-6 g/cm? which coupled with the detector's large geometry factor (-50 st cm?)
enabled details of the helium intensity, and the different contributions, primary
and secondary, to the singly charged distribution to be evaluated as a function
of atmospheric depth. These results demonstrate that it is necessary to know in
detail the contribution of all non-primary components, particularly at the lower
energies, before a spectrum of prmary protons can be determined. The speétm of
primary protons and helium nuclei measured on these flights are presented., These
spectra cover the range from -0,6-16 Bv rigidity. Our results indicate that the
lowest energy protons have increased by more than 50% between 1963 and 1965, The
proton spectrum is almost flat down to 0.5 Bv in 1965, but the helium spectrum is
falling sharply at the corresponding rigidities. A study of the modulation of
these two components during this period rewveals that (1) the modulation depends
appmxi.mately on 1/8 for 0,45 < 8 < 0,85 for both components, and (2) at the

same velocity, the modulation for protons is 2 2 x that for helium nuclei,

Aulh~

#Supported under NASA Research Grant NsG 281-62,
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During the past two years eleven balloon flights have been made with a

Cerenkov-scintillation telescope by the University of Minnesota group,

The

detector measures the energy spectrum of the ‘i.nd:i.vidual‘nuclei from 7 = 1-26

over an energy range from 40-1000 Mev/Nuc,

flights is shown in Table I,

Location
Churchill
Churchill
Churchill
Churchill
Ely,Minn.

Devils Lake,N.D,
Minneapolis,Minn,
Fayetteville ,Ark,
Kerrville,Texas
Tucuman ,Argentina

Tucuman ,Argentina

Pe

0.2
0.2
0.2
0.2
0.7
1.0
1.2
3.2
5.6
12,1
12,1

S= Standard detector
= Modified 3 element detector to additicnally measure the low energy electron

spectrum,

TABLE T

Date
8~1-63
711-65
6-25-65
7-2-65
6-23-64

11-11-63
7-4-63
3-25-6U
3-29-65
8~1- 64
8~9~ 6l

Dats Focrtaining to Balloon Flights
of enkov-Scintillation counter

Alt.(g/cm?)  Mt,Wash
4,0 2297
1.9 2425
3,2 2445
4,3 2440
4,1 2418
6.8 2325
645 2320
6.5 2378
5.5 2450
5.5 2407
5.0 2410

Relevant data pertaining to these

Inst,

S

S
M3
1AS

amammmm

= Large area version of standard detector with geometry factor=1000 st am?,
RSs  Standard detector pointirg at 60° to the vertical and rotating in azimuth once
every 15 minutes.

The four flights at Churchill were made by cutside contractors using very large

plastic balloons, the remaining sever by the Minnesota group itself using 300 K or

600 K cubic ft. balloons to carry the total payload of 50 pounds to altitudes renging
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from 4-6 g/an?, Our instrument is different than the usual Cerenkov-scintillation
counter and although it has been described previously (Ormes and Webber, 1965),

we would like to briefly review same of its salient features here. First, the
gso-called Cerenkov detector is actually a combination Lucite Cerenkov counter and
plastic scintillation counter with the integrated light from both processes being
viewed by a single 7" PM tube. The degree of separation of the different charge
components and the ability to measure the low energy particles of differaent charges
is determined essentially by the ratio of scintillator (S) light to Cerenkov (C)
light == the so-called S/C ratio. We have used a ratio of 0.6 in all standard
flights. The response of the telescope to particles of different charge, mass
and energy is shown in Figure 1, Discrimination against multiple events is
carried out by studying the PHD themselves rather than with an active anti-

coincidence system, We believe that this approach is superior for a telescope

as large as ours where ane can apply statistical methods to the analysié of the
data, Furthermore, the material in and around the telescope is kept to a minimum,
' Perhaps the most important feature of the detector is, however, its large
geometyry factor of .50 st am®, This is a factor of 19-100 x that of camparable
detectors flowrﬁ in balloons, This large geometry factor is achieved» without loss
in resolution by a careful selection of co@menm.

The flight data is d¢ ided into 5-10 minute intervals during thé ascent and
appropriate longer intervals while the balloon is at altitude., This means that the |
-absorption of helium nuclei can be obtained as é. function of altitw;xie. The develop-
ment of low energy protons can alsc be studied as a function of altitude -~ a most
important input for the separation of low energy primary and secondary protons at
high latitude and high altitude. Although this data is available it will not be

presented here,
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During the course of a typical four hour flight at high ictitude, a total
of ~20,000 heliium nuclei are obssived, Each differential interval for helium
nuclei will thue contain about 0G0 counts. Unlike other detectors statistical
uncertainties are not the most impmrtant source of errcr in the proton and heliun
differential spectra. Tor #his reason, greac care hLas been taken in th: standard-
ization of the instrumentaticn - hoth with regerd te its physical properties and
the analysis of the data.

The two largest sources of uncertainty in the analysis ¢ the data are (1)
the energy (or charge) calilration and (2) the identification of "true" counts as
indicated by their being at the location in the PHD predicted by Figure (1)

(a.g. the removal of "background" counts), . (1) will be discussed in an accompanying
paper on the heavier nuclei, where the energy or charge is a much more sensitive
function of tﬁe known calibration of the instrument. The importance of (2) depends
on the energy and charge being considered, For energies from 600-1200 Mev/Nue for
both protons ard heliui. the pulzes liw within the region of scatter of the
symmetrical disﬂ*ibutions. of pulses from particles with energy > 1200 Mev/ivuc,
Statistical methods are used to obtain the spectrum in this range and the accuracy
varies according to how far into the symmetrical minimum ionizing distribution the
pulses lie. The erxnrs on the differentiai proton and helium intensities range
from ~5% at the low energv end of thié range to ~10% at the high energy end.

The background in the proton distribution below 600 Mev runs between 20 and 40% .
of the true counts, Varicus subtraction processes and comparison with lower
latitude date enable the true counts to be cbtained and these counts separatedv into
primary and secondary components. Erruvrs on these differential points range from
3-5%, At the location whers the proton and helium distributicus cross, the

heliun nuclei dominate and the proton sm&m cannot be determined in the range
60°+ 15 Mev. The background in the helium d&istribution below 400 Mev runs between

10 and 25% of the true counts. Again various subtraction processes and compari son
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.indeed we are able to observe statistically significant modulation effects at
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with lower latitude data enable the true counts to be obtained to an accuracy - the
statistical accuracy., We estimate that the systematic errors on the integral and
differential proton and helium intensities are. + 3-6% for the whole series of
flightsj however, the relative errors whén camparing individual flights are

+ 2% when not limited by statistical errors, As a result the features of the

moaulation are defined somewhat more accurately than the spectrum itself and

low enexrgies for a 1% change in neutron monitor intensity.,

The data is received in terms of a two dimensional 256 x 256 pulse height
matrix with another bit signifying whether the individual pulse height should be
multiplied by 8 o» not, This gives a total dyhanu’.c range of 2048 in each
dimension. The limits of camputer stcrggé permit the readout of only a 64 x 64
pulse height matrix, however, so it is necessary to examine the entire distribution
by selecting varicus o4 x 64 matrices, In figure 2 we $iow & print-out of a matrix
mntaining protons and relativistic helium for a typical flaght.

The data we have obtained has been divided into two epochs -- one where the
average Mt, Washington bihourly rate is 2320, the other where it is 2420, since
a majority of flights were made at appmxi;rnately these levels. Data from flights
made at slightly different levels (mainly low latitude flights) have been corrected
to these levels using the observed features of the modulation, The integral ‘spectrum
for protons is shown in Figure 3, ‘The primary proton intensities at 3.2, .6,
10,2, 12,1 and 15.7 Bv are determined from extrapolation of the grewth curve for
relativistic singly charged particles (effectively protons > 1200 Mev) to the
top of the atmosphere, correcting for re-entrant albedo {electrons) and using
the calculated geomagnetic cut-offs appropriate to the flight locations, ‘hese
absorption curves are shown in figure 4. Determination of this part of the
proton spectrum is most difficult since none of the detectors in use discriminate

against either or both of the relativistic secondary mesons and pratons prcdinerd
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in the atmosphere above the detector as well as the re-entering elect:;rvons.

Our results on the intensity of primary protons and on the growth of the
relativistic particles are consistent with those measured earlier at similar
latitudes by McDonald (1958) and Balasubrahmanyan et al (1962). A separate study
shows that the primary proton intensities at high energies previously deduced
fron emulsion studies are probably underestimated relative to those obtained
using Cerenkov=-scintillators. It should be noted that the points at 10,1 and
15,7 Bv are obtained from extrapolation of the west and east pointing portions
of the rotating flight. The point at 1.9 Bv represents the extrapolation of the
relativietic particle- distributions in the high latitude flights., The points
below 1,9 Bv are obtained directly f»m the differential spectrum measured by
the detector and corrected for secondary protons. This differential spectrum
is shown in Figure 5 along with the differential intensities obtained by dom-
paring the 1.9, 3.2 and 5.6 By integral points.

The integral spectrum for helium nuclei is shown in Figure 6. The intensities
at 3.2, 5.6 and 12,1 Bv are determined from the extrapolation of the exponential
growth curve of these nuclei in the atmosphere (MFP - 55 g/c:mz)° The other
poin s are obtained directly from the differential spectra measured by the
detector, These diffevential intensities are shown in Figure 7 along with the
dirferential intensity obteined by camparing the 3.2 and 5.6 Bv integral puints.

In the case of the helium nuclei, the differential and integral spectra obtained

. using the detector itself and the inferred geomagnetic cut-offs overlap, and are

in good agreement,

The comparative speatra and the details of the modulation of protons and
heliun nuclei as deduced from this study will be discussed in an accanpany:ihg
paper. We summarize these results here briefly as follows:

Modulation: (1) Depends approximately on 1/8 for 0.45 < 8 < 0.85 Jor both

camponents and (2) at the same velouity, the modulation for protors is - 2 x that




- 80 -

for heliun nuclei,

Comparative spectra: (1) Ratio of proton to helium nuclei differential
ii *ensities (P/He) remains constant at a value -~ 8 as a function of rigidity
between 2 and 16 Bv, Below 2 Bv, it increases rapidly., (2) P/He as a function
of energy/nucleon varies continuously from a value - 5 at 200 Mev/Nuc to - 20

above 6 Mev/Nuc, In addition, this ratio is a function of the amount of

modulation.
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FIGURE CAPTICNS

Figure 1 The response of the Cerenkov-scintillator telescope to particles of

different charge, mass and energy. 4
Figure 2 64 x 64 matrix for Fayetteville flight. S output on vertical axis -
S+C on horizontal., Note helium in lower right hand cornmer and slow |
proton distribution (atmospheric secondaries) running diagonally to
lower center of distribution, Numbers give n where each bin has be-

tween 20 and 2P * 1 counts.

Figure 3 Integral spectrum of primary protons at two levels of modulation,
Figure 4 Growth curves of relativistic particles measured on 4 flights
at different latitudes.,
. Figure 5 Differential spectrum of primary protons at two levels of modulation,
Figure 6 Integral spectrum of primary helium nuclei at two levels of modulation.

(3

Figure 7 Differential spectrum of primary Helium nuclei at two levels of

modulation,
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Some Implications of the Relative Spectra of the

Different Charge Components in the Primary Radiation®

W. R, Webher

pmSTRACT E 55’1

In accampanying papers we have presented the differential spectra of
the individual charge components -- protons through heavy nuclei =~ measured
at different levels of solar modulation from 1963-1965, Utilizing the fact
that the solar modulation affects particles of different charge to mass ratio
in such a way that the ratio of intensities in differential rigidity intervals
are not changed, we are able to compare the relative spectra pr:i.of to solar
modulation, This comparison suggests the following: (1) The relative spectra
of protons and helium nuclei are most feasonably interpreted in terms of
identical rigidity spectra at the "source" rather than energy/nucleon spectra.
The large increase in P/He (P) ratic at low rigidities may in large part be
due to production of secondary protons as well as ionization loss in the
interstellar medium, (2) The variation of the P/lie, L/H and He/N ratios with
energy can be interpreted in terms of ionization loss of the primary radiation
moving through an amount of material which monotonically decreases with increasing

energy. (3) The spectra of heavy nuclei above 3 Bv systematically become steeper

with increasing charge.
At

#Work supported under NASA Research Grant No. NsG 281-62,
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In accampanying papers, we have presented the rigidity spectra of the
charge components in the primary radiation -- measured from -~ 1-16 Bv, These
spectra have been measured at different levels of solar modulation., Analysis
of this modulation shows that it affects particles of different charge
(charge to mass ratio) in such a way that the ratios of intensities in
differential rigidity intervals are notchanged whereas the relative differential
energy per nucleon ratios are, We shall use this fact throughout the remaining
discussion whenever the effects of the solar modulation are to be considered
and shall proceed to a study of the astrophysical significance of the
relative unmodulated spectra of the different charge components. |

Considering the protons and helium nuclei first, Figure 1 shows the ratio
of the differential rigidity spectra of these two compc;nents between 0.8 and
16 Bv, Figure 2 shows the equivalent ratios for the differential energy/
nucleon spectra between the corresponding limits. It is apparent that the ratio
P/He (P) is sensibly constant at a value ~ 8 above about 1.5 Bv, increasing
rapidly at lower rigidities to a value - 50 at 0.75 Bv, whereas the ratio P/He(EA)
seems to vary continuously over our range of measurement -- frem a value ~ 5 at
the lowest energies to -~ 20 at the highest energies. At even higher energies
the very limited available data suggests that P/He (E) is more or less constant
with a value ~ 20 (Waddington 1960),

The results on the solar modulation suggest that F/He (P) remains constant
during this process so that we may regard the measurements in Figure 1 as
appropriate to the unmodulated beam as well, As can be seen, however, P/He(E)
changes with modulation. In order to estimate what these unmodulated ratios
might be,we need to know the degree of modulation at sunspot minimum, Lacking
this, we can still determine (from the known energy dependence of the modulation

and the measured ratios) that the solar modulation process can never produce




P/He (E) = constant, Furthermore, unless we are seeing only a small fraction
(<50% of the true galactic particles at energies ~ 1-2 Bev/Nuc, the variation
of P/He (E) that is seen must be close to that present in the unmodulated
beam and certainly then P/He (E) is not a constant,

There are a number of different explanafions for the behavior just described.
First, if the spectra of these components are viewed in terms of energy/nucleon

spectra, as is the common assumption today, then it seems that the P/He (E)

‘ratio at the "source" must be almost identical to the measured ratio above

~1 Bev/Nuc since the effects of interstellar propagaticn on this retio are
believed to be minor in this energy range., For example, if a Fermi type
acceleration in interstellar space were dominant and invoked to produce a
changing ratio with energy, the differences in spectra arising from such a
process would be expected to be much 1eés pronounced than are actually

observed. As a result, we are left with the assumpticn that the "source"

.gpectra are different cn an energy/nuclecn basis,

If the spectra are viewed in terms of rigidity, however, the following
picture emerges, The observed constancy of P/He (P) above 1.5 Bv is then a
reflection of identical rigidity spectra leaving the source region and subsequently
relatively unaffected by interstellar propagation. The rapid increase in P/He(P)
below 1.5 Bv then reflects a number of interstellar processes, the most common
assumption being different rates of energy loss by ionization (at the same rigidity)
in the interstellar medium, The rapidity of the increase in P/He (I) cannot
be explained by ionization loss where the path length is constant with energy,
however'y, and we must assume that the interstellar path length increases with
decreasing energy (eg. Appa Rao, 1964), We illustrate this in Figure 1 with a
path length varying at E-0¢5 normalized to 2.5 g/cm? at 3 Bv, Although this
gives a reasonable fit to the data, we should point out that previous calculations

have omitted the effects of secondary protons and helium nulei arising from
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nuclear interactions in this same material, Calculations by Feitr and Milford
(1965) show that this is a large effect for protons, with seoc;ndary protons
actually dominating the spectrum below 100 Mev. Although corresponding
calculations have not been carried out for He nuclei, our experience in the
atmosphere shows the secondary iow energy He nuclei are relatively much less
important., Preliminary calculations using a diffusion model and taking into
account both secondary particles and ionization loss indicate that the observed
increase in P/He (P) at low energies can be explained by passage through aboﬁt
3 g/am? of material -- constant with energy.

Before discussing this point further, let us turn to the data on heavier
nwlei, We have already seen Figure 3 -- gsee also accompanying papers -- that
the spectra of M and 1H nuclei seem to be steeper than the He nuclei.above
3 Bv, The differences in the spectra of L nuclei are even more pronounced and
the differential L/M ratio measured at different energies and rigidities is
shown in Figure 4, The decrease in this ratio is apparent both witb increasing
rigidity and increasing energy/ﬁucleon. ' '

As in Figure 3, the dotted curves show how the rativ would vary if m, the

exponent on the differential spectra differs, by 0.1, 0.2, etc, (Note from Table I

of the accompanying paper that no significant change in the Be/B ratio is apparent

with energy., The limitations this presents on the daéay of B210 and the lifetime B

of the cosmic rays are discussed by Durgaprasad (1963).)

The L nuclei are believed to be secondary from nuclear interactions in
inferstellar space thus energy/nucleon seems to be the appropriate quantity
to study the L/M ratio since these two groups of nuclei have slightly different
charge to mass ratios. This will mean that solar modulation effects will change

' this ratio somewhat, but we shall neglect this effect which must certainly be

small compared to the observed change, Accurate data on the L/M matio at high

energies is lacking and the previous results are conflicting. (Waddington, 1960}

]
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Durgprasad, 1963; Mathiesen and Stenman, 1965), Our data, while based on the
observation of only 36 L nuclei,is statistically the most accurate reported

f' to date. The difference in the exponents of the L and M spectra of 0.5 + 0,15
| is certainly significant. An energy dependent L/M‘ ratio has been speculated
before and if usually interpreted in terms of passage of the M and H nuclei
through an enez{g dependent amount of material. This might occwr in the
source regions or in the interstellar medium itself, If our results

are interpretad in terms of such an effect, then the amount of material,
X~ 0°5, It is also possible that energy dependent fragmentation proba-
bilities for the L nuclei can produce this effect, Our atmospheric attenuation
results for the L and M components -- while showing same deviations from 1lst
order fragmentation theory -~ are not sensitive enough to detect such an
energy dependence,

. The final aspect of the data we wish to discuss concerns the relative
specu"a of the M, IH and He nuclei. Referring again to Figure 3, we see

that both He/M (P) and HE/LH (P) begin increasing below about 2.5 Bv rigidity.

Our results are in good agreement with those found at still lower rigidities

by Fichtel, et al (1964) and Lim and Fukui (1965) and interpreted agein in

; terms of ionization loss in interstellar space by Fichtel, et al. In Fichtel's

i study, 3 g/ an® of material -- constant with energy -- was sufficient to produce
[ the changes in He/M. The above estimate was made assuming the spectra of these
nuclei were ilintical at higher energies, If, in fact, the Mand Ld spectra

are steeper as our results seem to indicate, then the amount of material must
increase with decreasing energy approximately at E-0.5,This is illustrated in
Figure 3, If this occurs or indeed if the particles have passed through more
than 1-2 g/=m? of material the He/VH ratio should increase rapidly below 2-3 Bv,
It is clear from Figure 3 that this does not occur, The He/VH ratio might remain

essentially constant in the 1,5 - 3 Bv range only if the VI spectrum were
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substantially steeper than the He spectrum at high energies. Again, this does
not seem to occur although our results cannot rule out a systematic increase
in spectral index with increasing charge. The slightly steeper M and LH nuclei
spectra suggest that this may be occurring, It is interesting to recall that
such an increase (more pronounced than the ones measured here) was originally
suggested by Singer (1958) on the basis of measurements up to 1956. More
recent surmaries, Waddington (1960) and Webber (1965), have indicated that
the differences in the spectra of heavier nuclei are small if they exist at
all, Our measurements at high energies are statistically as accurate as any
reported to date (>200 nuclei having been observed) and have the added
advantage that all components are measured simultaneously at cne latitude and
the same detector is used for measurements at different latitudes,

In sumary, our fesults on the relative spectra of the different charge
components suggest the following: (1) The relative spectra of protons and helium
nuclei are most reasonably interpreted in terms of similar source rigidity
spectra rather than energy nuclecn spectra, The differences in these rigidity
spectra at low energies is due to both the produetion of secondary protons and
ionization loss in the interstellar medium, (2) The variation of the P/He, L/M
and He/N ratios at low and intermediate energies can be interpreted in terms
of the passage of primary radiation after acceleration through an amount of
material which monotonically decreases with increasing energy. (3) A systematic
steepening of the specira of heavier multiply charged nuclei with increasing
charge appears to exist,

Some of these features are less well defined than others, however, and our
results show the clear need for measurements on each charge group in the rigidity
range 5-50 Bv with a numerical accuracy up to 10 x that obtained in our experi-
ments. This is not only to define the characteristics of these spectra at high

energies but to enable the definitive measurements that can be obtained at very




low energies to be interpreted more easily. To cite one example, the very
powerful means that a measurement of the comparative spectra of the different
charges at low energies giveé us for determining the distribution of cosmic
ray sources cannot be fully utilized without a knowledge of the comparative

spectra at higher energies.
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FIGURE CAPTIONS
Figure 1 Differential proton and helium nuclei intensities compared as a
function of rigidity for two levels of solar modulation.

Figure 2 Differential proton and helium nuclei intensities compared as a

function of energy/nucleon for two levels of solar moculation,

»

 Figwe 3 Ratios of helium to H, 1H and VH nuclei respectively, Differential

rigidity measwements in 19614 are shown except for the highest
rigidity point which is an integral above 12, 1 Bv,

Figure 4 Ratio of differential L to M intensities =- compared as a function of

rigidity (A/Z of L nuclei assumed to be = 2,2) and energy/nucleon.
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Measure;nents of tiv: Energy Spectrum
of Nuelci with 2 > 3 in che Primary Radiation

Using a Balloon Berine Cerenkov-Scintillation Counter

W. R. Webber, J, . Ormee= and T.,- von Rosenvinge®

ABSIRACT {7)'5(0 o

The spectr: of the o called L, M and H nuclei have been measured on eleven
balloon flights at seven geomagnetic latitudes during the period 1963-1965.
The instrument used is a modified version of the Cerenkov-scintillation counter, 1
These spectra have been measured over the range 1.5 to 16 Bv. The flights ‘
attained depths of 2«6 g/am? which,coupled with the detectors large geometriéal
factor ( ~50 st cm?) has enabled details of the absorption of the L, M and H ]
components to be studied in the upper atmosphere. The large geometrical factor |
has allowed identification of over 10,000 nuclei with Z > 3, with over 2006 |
being observed on a single flight, A total of ~150 VH nuclei have been observed
and the spectra of these nuclei has been found to be similar to that of M and LH
nuclei above ~2 Bv, The spectra of the L nuclei is found to be significantly
different from that of the M and H nuclei, with the exponent on a power law
energy spectrum being 0,3 + 0,1 larger, The M and LH uuclei spectra are also
different than the He nuclei spectra above 3 Bv; the exponent on a power law
spectrum being 0.1 + 0.03 larger, with the integral spectrum being given by an
average exponent of -1,6 + 0,03 over the range 3-16 Bv. The solar modulation

of these nuclei. is found to be similar to that of the He nuclei, d {/ﬁ/
AW

#* Work supported under NASA Research Grant NsG 281-62,
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In this paper we wish to discuss the energy spectre':a and modulatiun of the
heavier nuclei, essentially those with 3 < 7 < 26 as'meas'sm*ed by the Cereniov-
scintillator system discussed in a companion pape:. The study of these nuclei
presentz a number of special problems with which we would like to concern
ourselves before the actual presentation of the data,

First of all, the identification of these nuclei in the atmosphere iz
relatively simple and although the intensity is not great, it is possible to
get meaningful absorption curves of the different components (the L, M é.nd I
groups) as the balloon rises to altitude. These may then be used to compare
with fragmentation-diffusion theory and to extrapolate the intensities of the
different components to the top‘ of the atmosphere.

During a typical four hour duration of a high latitude flight ~2000 nuclei
with Z > 3 are observed, This permits breakdown into the usual L, M, IH and
-VH chavge groups. The spccetrun of the M nw .»i can be determined with an
accuracy formerly associated with the helium .iuclei and the spectra of L and 1H
nuclei are each based on ~300 counts,

The identification of the different nuclei passing through the detector is
controlled by two factors. First the background of unwanted counts is virtually
zero for particles of all energy with Z > 5. Second, the charge resolution is
good enough so that the counts due to individual charges show up as distinct
groups over the range 5 < Z < 14 in a flight at latitudes <50° and a series of
successive lines (see Figure 1 of accompanying paper) at high latitudes where
non-relativistic particles are entering and the energy spectrum is being measured,
For values of Z »>15 it is difficult to make individual charge identification,
however, a grouping intc "apparent" even charges is noted with a distinct grouping
at a Z ~26 being the dominant feature of this part of the charge distribution,
Because of the printcut in 64 x 64 arrays, it is difficult to show a complete chargs

spectrum at the highest resolution, However, Figure 1 shows an array covering Boron,
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Carbon and Nitrogen for the Fayetteville flight where all of the particles are

relativistic. The system linearity is calibrated by a light pulser system before
each flight. In addition, the proton and helium peaks provide in-flight calibration,
The ability to identify each charge peak up through Z = 14 then provides a continuous
measure of the linearity of response of the system to particles of different charge
and energy loss. As a result, it is possible to measure the non-linearities of
energy loss in the plastic scintillator and Cermnkov-scintillator up to a charge

of ~26, The results are shown in Figure 2, Our results show that the saturation
effect in the scintillator becomes logarithmic at high rates of energy loss, This
is in some ways an advantage since it converts a normal 72 charge dependence into
one -~Z - giving effgc‘tively a logarithmic system and allowing us to extend our
charge measurement out to Z = 26. This charge calibration has been established for
several f‘lights;

The energy spectra of the heavy nuclei are then determined in a straight- |
forward way. An 2dditional check is possible on the energy calibrution for non- |
relativistic heavy nuclei by observing the location of the minimum on the S + C j
output curve (as well as the slope of the S vs S [C=0] output), Detailed study
of these features shows that the non-linearity is independent of charge and depends 1
only on dE/dx in the range of energies that do not end in the scinti.lator.

It is to be noted that at energies somewhat below the Cerenkov threshold
(<250 Mev/Nuc), it becomes impossible to resolve individual charges. In the range
100-250 Mev/Nuc, it is still possible to get the differential intensity of particles
of a given charge group, however. The complete charge breakdown for all flights
analyzed to date is shown in Table I,

The integral spectra of the various charge groups are shown in Figure 3,

The points at 3.2, 5.6 and 12,1 Bv are evaluated in the same way as the helium
nuclei, that is by extrepolating the growth curves of the individual components to
the top of the atmosphere, The remaining points are obtained from the differential
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TABLE I

Distribution of Particles of Different
Charge at Balloon Altitudes

Charye - Counts
Total >12 Bv
Li 390 ‘ 14
Be 214 61,226 5 %36
B 622 17
C 1,3907 ‘ 65 )
N 530(,3,142 15 Loy
0 1,132 4y
F 90 0
Ne 301 ' 17
Na 110 ' | 3
Mg ' 167 \, 764 10 \ 37
Al 65 0
si 121 7
15 <2 <19 103 | , 1
22> 20 204 | 8

Z . 40 | 2 0

spectrun measured in the telescope itself, These differential spectra are shown in
Figure 4 along with a point determined fromthe differences of the 3,2 and 5.6 Bv
integral measuwrements. The effects of the solar modulation are clearly evident in
the spectra of the M nuclei and less conspicuously so for the L and 1H nuclei. As
near as can be determined the solar modulation affects these nuclei (exoept for

possibly the L nuclei) in a manner identical to the helium nuclei,
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Although superficially the spectra of these heavy nuclei are similar,
important differences exist, both at the low and high rigidity parts of the
spectrum, These differences seem to be best illustrated by taking ratios of the
differential intensities of helium nuclei to the varicus heavy nuclei groups.

Three of these ratios are shown in Figure 5 as a function of rigidity.

(Energy/nuc and rigidity are equivalent if we neglect He3 in the helium component.)
Very little can be said of the He/VH ratio - except that it shows no pronounced
changes from 2-12 Bv. Even this fact has same important astrophysical implications,
as will be discussed in an accompanying paper. The He/M and He/LH ratios both
behave in a sirm'.laf manner, however, Above about 2,5 Bv these ratios slowly
increase with increasing rigidity. This increase appears to be continuous and is
equivalent to the power law spectra of the M,and IH nuclei having an exponent 0.1

+ 0,03 larger than the helium nuwlei, It is important to note that this result is
not based on a single equatorial flight but appears in both flights -- in which over
200 of these nuclei have been recorded. This trend is also evident in the Kerrville
flight at 5.6 Bv where a further 400 of these nuclei were recorded. Unless a system-
atic distortion exists between energies measured by the detector and those deduced
from geomagnetic considerations for these charges, we must regard this effect as
statistically significant,

Finally, below 2 Bv a rapid increase in these ratios occurs -- most notable
for the M nuclei, The significance of these spectral differences and a discussion
of the sped‘tra of L nuclei which shows even more pronounced differences will be

discussed in an accampanying paper.
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FIGURE CAPTIONS

Figure 1 64 x 64 arfay showing a part of the pulse height distribution
containing Boron, Carbon (the large group right cénter) and Nitrogen,
S output along vertical axis, S + C output along horizontal. The
gecmagnetic cut-off of -~900 Mev/Nuc means that the distributions should
be slightly skewed in the direction of smaller S + C outputs and this
is clearly evident fram the Figure,

-

Figure 2 Relation between energy loss (dE/dx) and light output (dL/dx) for

relativistic particles of various charge in plastic scintillator

(NE 102) and S + C detector.
Figure 3 Integral spectra of ‘the L, M; LH and VH charge groups. The golid lines
k a ' indicating intzgral rigidity spectre with exponents = -1,5 are shown

for guide purposes only.

Figue 4 Differential spectra of the L, M, IH and VH charge groups, The solid
lines indicating differential rigidity spectra with exponents = =2,5 are
' shown for guide purpcses only. |
Figure 5 Ratios of helium to M, IH and VH nuclei respectively. Differential
rigidity measurements are shown except for the highest rigidity point |
which is an integral above 12.1 Bv, |
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Solar Modulaticn of Protons and Helium Nuclei

During the Period 1963 - 1965%

8
|
o
:
»
is

W. R, Webber

ABSTRACT '77363 ]

The low rigidity portions of the primary spectra of protons and helium nuclei
have been measwred on six occasions during 1963-1965 using a Cerenkov-scintillation
counte: carried to altitudes of 2-6 g/ cm? by balloons. The range of rigidities

over which detailed spectral measurements have been made is 0.4 - 2 Bv for protons

and 0,8 = 4 Bv for helium nuclei, The measurements cover a period of decreasing
solar modulation as evidenced by an. increase in Mt, Washington neutron monitor
rate from & value .2300 in the summer of 1963 to ~2450 in 1965. The increase

in neutron monitor rate was accompanied by much larger increases in the low energy
protons and helium nuclei -- amounting to a factor of almost two at the lowest
rigidities. The energy dependence of the modulation of both protons and helium
nuclei is consistent with a 1/g dependence for 0.45 < 8 < 0,85, However, at the
same velocity, the modulation for protons is 2 2 x that for helium nuclei, The i
modulation thus produces identical changes in the rigidity spectra of the two
components. This model is inconsistent with a simple diffusion model for the

ll-year variation such as suggested by Parker (1963), However, a model in which

diffusion and energy loss occur simultaneously and are of approximately equal

:i:nporftanée is explored and found to be capable of producing the observed modulation.
e
l’lﬂ/{( Lﬂ"

# Work supported under NASA Research Grant No. NsG 281-62,
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According to our data we propose the following recipe for the ll-year
modulation of galactic cosmic rays near the sun, "Start with a basic solar wind.
Add a generous portion of turbulence and scattering., Add an equal amount of Fermi
deceleration., Mix together thoroughly end allow to diffuse near the sun for one
month at 2 x 105° K,

Our results on the modulation of protons and helium suggest that factors
other than simple diffuzion and convection in the model originally proposed by
Parker {1963) play an important role in the ll-year modulation of galactic cosmic
rays near the_'sufzo' In order to come to this conclusion, it is necessary to
deycrﬁane"ﬁ&; only the energy dependence of the modulation for a single charge
such as protons and helium nucleij light and medium nuclei; ete. The results presented
in the previous two papers allow us to do this for the above charge groups during a
period from 1963-1965, During this time the Mt. Washington neutron intensity at the
times of the balloon flights increased from 2297 to 2u45, or ~6.5%, reaching a level
during the 1965 flights within 2-3% of the sunspot minimum level in 1954, The data
on the changes in intensity of the protens and helium nuclei as a function of energy

relative to the changes in neutron monitor intensity measured during this interval

is sumarized in Figure 1. '
Between 8 = 0,45 = 0,85 the modulation of both helium nuclei and protons is
seen to be reasonably similar and to have a 1/8 dependence, This velocity dependence

is in essential agreement with that observed for these components individually by

experiments carried out on the IMP-l satellite which was in operation over part of

the period covered bﬁ our study, (Gloeckler 1965), (McDonald and Ludwig 1965).

However, and this is important, at the same velocity the change in the proton intensity l
is at least a factor of 2 greater than the helium nuclei., This implies that if we |
measure the ratio of differential energy/nucleon intensities of protons and helium

at times of different modulation, the ratioc should be different, (See Figure 2 of
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accompanying paper.) At a time of greater modulation, the ratio is seen to be clearly
smaller at lower energies, Conversely, if the ratios of differential rigicity
intensities are compared as a function of modulation, little change is observed.
(See Figure 1 of accompanying paper.) This suggests that although the actual
anount of modulation depeads on 1/8, it is, nevertheless, effectively rigidity
debendento

We should point out that these results are in disagreement with the conclusions
of Gloeckler (1965) who upon comparing his own results on the modulation of low energy
heliun with those of McDonald and Ludwig (1965) on protons (grouped into somewhat
different time intervals) concluded that the modulation of these two components were

the same at a given velocity at low energies. This might indeed be true at the values ‘

of 8 = 0,2 - 0,45 covered in these experiments and still not apply in the range covered
' l

1

by our measurements. To investigate the character of the modulation further, we have

compared our results with the modulation that could be inferred by making regression

curves of differential intensities of protons and helium nuclei with neutron monitor é
data for the ccmplete solar cycle -- using the data presented in the review article j
by Webber (1965), This data is shown in Figure 2, Since here the fractional mdulatié
is plotted as a function of rigidity the fact that the proton and helium modulation |
are similar is equivalent to our earlier statements. The composite data gives a 4
significantly greater fractional modulation and a somewhat flatter rigidity dependencej
of this modulation than our balloon data, This is an average over the entire solar |
cycle, however, and the greater fractional modulation simply reflects the fact that j
the modulation has caused the average response energy of the neutron monitor to increas
thus increasing 4j/aN. lndeed, the points where Aj/aN = 1 reflect the change in this
response. energy. The values of 7 and 15 Bv obtained from the figure are consistent

with the modulation we Jescribe here extending to neutron monitor energies as well. i
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Consider our results in terms of the diffusion model of Parker (1963) in
which one considers an equilibriua condition established between the sweeping out
of galactic cosmic ray particles by the solar wind and their inward diffusion
through scattering by irregularities in the magnetic field, For an isotropic

particle distribution, one obtains a modulation of the form:

R
.3 ulr) 5,
j (vyr) = j5 (V,R) exp v AD)
r

where v = particle velocity, R is the boundary of the interplanetary medium and

r is the location of a point inside, U(r) is the velocity of the solar wind and
A(r) is the M.F.P. between "scatterings". /Assuning U and A are both constant with
r gives:

_ 3U (R-r)
J (vyr) = 4 (V,R) exp v

The actual energy or rigidity dependence of such a modudlation is almost
completely described in terms of tue variation of A with rigidity, Parker has
discussed the variation of A for a simple picture containing two parameters --
the scale size of the irregularity (scattering center), %, and the particles
radius of curvature p. Very simply, if p<<f, A(V) = constj if p~2,A(V) ~p/2}
and if p>>2, A(V) ~p2/22,

We have already seen that the modulation is -1/v at low energies. This

suggests that A(P) = const, and that p<<i, a generally accepted conditiocn in the
interplanetary medium at low energies, Howezver, at the same v the modulation of
protons and helium is different., This is not indicated by this model. A rigidity
depender.~2 which might explain this velocity splitting could be introduced by
assuming A(v) .p/2 or p2/22, However, the modulation itself would then depend on

1/v2 or 1/v3 at low rigidities in contradiction with our measurements. Unless cne
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is prepared to introduce a new concept of scattering, then it seems that our
results cannot be explained on the basis of this picture alone,

What other possibilities exist for a general modulation mechanism? Recall
the argumentsof Ehmert (1960) who suggested that the ll-year modulation was
explainable in terms of a heliocentric electric field (i.e. potential difference
between the orbit of earth and a few hundred AU), Ehmert demonstrated that the
variations at high energies could be related directly with the measurements of
the changes in the differential spectrum of protons and helium nuclei measured
in the period 1955-1959 by McDunald and Webber (1959). The actual change in the
differential spectrum at low energies depends on the assumed initial spectrum in
such a model, Ehmert originally assumed that the proton and helium nuclei spectra
were jdentical (power laws in kinetic energy) at low energies. As a result of the
’ modulation of such spectra in an electric field, the changes in helium nuclei are

somewhat larger than protons at a fixed rigidity. This splitting was not observed

in the measured spectra of McDonald and Webber. |
Recent measurements confirm the splitting of the two spectra at low energies

and suggest that this occurs before the particles are modulated in the sclar

; system, Using this new data, Freier and Waddington (1965) have revived the

r electric field model as an explanation for the ll-year modulation., A study of

the modulated spectra presented by Waddington and Freier shows that at the same
| rigidity the modulation of protons and helium nuclei are almost identical. Thus
for what are now believed to be reascnable initial low eneﬁgy spectra passage
through an electric field produces a modulation indistinguishable from a
"rigidity" dependent one.
The fairly well known chanaétem‘.stics (particularly the turbulence-diffusion
aspect)h of the outflowing sclar solar plasma and magnetic fields do not lend themselva
in a simple mamner to a description of the mrdulaticn process in terms of an electric

field -= either static or dynamic., However, one can retain the idea of diffusion in




the Parker sense if one assumes that in addition to the intensity change caused
by diffusion-canvection, diffusive deceleration (inverse Fermi effect) and
betatron deceleraticn are equally important in this expanding outward moving
interplanetary field. This idea was first applied to the modulation of galactic
cosmic rays in Forbush events by laster, Lenchek and Singer (1962)., Their
calculation of the modulation produced in an expanding gas cloud gave a
modulation much like that to be expected for a simple electric field., Webber
and McDonald (1964) suggested that this type of energy los. may be a most
important part of the ll-year variation, At present, a rigorous calculation
of the spectral dependence and magnitude of the modulation to be expected from
this effect has not been made for the ll-year 'variation., However, a number of
simple czlculations show, Parker (1963,1965), Dorman (1963) and Quenby (1965),
that the modulation to be expected from inverse Fermi energy loss and betatron
deceleration in the in*erplanctary medium is at least as large as that expected
from the diffusion-convection process alone,

These calculations have been carried out for protons only and give no
information on the charge dependence of these energy loss temms and in particular
whether they can produce the observed rigidity and velocity dependence of the
modulatien,

Let us now consider the inverse Fermi effect (which is the dominant energy
loss process) from the point of view of particles of different charge to mass
ratio. In this eneryy loss process, the particle deceleration is caused by

the induced electric field:
E=z -4 UxH
- c - )

due to the velocity U of the scattering centers relative to the earth (solar wind
velocity),
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The energy lose per nucleon in the interaction of a particle with an

individual scattering center (or with an electric field) is:

%— el . g

Ae pue ©

where g is a scale length. The calculation of the energy loss of a particle
moving with velocity v with a scattering center (assumed to be a rigid hard

sphere o << ) of velocity U << v gives for a headon collision:

&A-e__‘) =+ 2 v2U
€ 'nwe c
"ote that this fractional energy loss is independent of charge to mass

ratio 2 We recognize the other simple types of scattering process possible,

that is, when p »> £ ar p = L. In these cases, however, "gcattering" occurs

only after the summation of many smaller scatterings. In effect, the particle

is continuously being scattered or what is equivalent -- the change in energy
in a given small scattering depends only on the (relatively smail) dimensions
of the scattering center itself and not on the particles radius of curvature,

As a result, the energy change per collision becomes:

éj_ o +Z .B.ﬁ..& _Vl]_
(e) - & \pe! 2

In the interplanetary medium, the average energy loss per collision is
determined by the relative velocity of recession of the different scattering
centers, (or effective scattering radius), This in tum depends on the geometry
of the expanding interplanetary region as well as possible variations of U with
radius, For example, assuming an isotropic velocity distribution of pArticles and

a uniformly expanding spherical region of radius R and surface expansion velocity U,
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the relative velocity of the individual centers, AU = (ﬁ—) (wher- A is the scattering

M. F. P. discussed earlier). This situation may not be realistic for the interplanetary
mediun, however, since it is known that U is essentially constant along a solar radius
vector., In this case there is expansion only in the direction at right angles to the
radius vector, In this case AU = %- ( A ) U where r is the distance from the sun.

Y
Since the mean number of collisicns/unit tiwa iz v/y thent

denue _ . ) 4 2y
F ¢ ceseile > Miag s g
and (o¥
&229_-_- “ate;(pzﬁ. );atz ZB.g g
XG5 ) —

(at the earth, for éxwfi,le, withv=c, U=z U4 x 107 an/secpg = 3 X 10-8 / sec).
Now during a time dt the particles will diffuse a distance dr by a random

walk, After n collision in an infinite isotropic diffusing medium the average

particle will move a distance d2 = 2N 2 from its starting point., One can define

an average velocity for diffusion over a distance d as vg = %X so that a particle

will take a time t = % to move a distance d in the medium, If we take A = 2 x 10 cm
and d = 10 AU, <hen t = 5 x 105 sec for a particle to diffuse into-the center of the
solar system., Thus ,(A.&) =] and it seems unavoidable that this process will produce a
significant change ineparticle energy. As a result accerding to Liouville's theorem,
there is a change in the differential energy spectrum given by: Aje/j = Ae/e or in
the differential momentum spectrum by Ajp/j = 24P/P, An additicnal change will occur
because of the spectrum of the radiation. Since the spectrum is a complicated function
at low energies the change can be treated separately by an iteration process and we

shall neglect this effect here.




. taken in this simple treatment. However, we may compare the charge to mass
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Using the fact that dt =~ we can write:

L

Taking j = jo at r = R and integrating gives:
. ) _a r (R-1)
J (eyr) = 3o Cegy Y 2xp — Dhv__

This modulation is seen to have much the same form as that resulting from
di ffusion-convection given on p-4, It cannot be compared directly in magnitude

since no account of the spectrum or of betatron deceleraticn effects has been

dependence of the modulation for different types of sdattering by inserting

the appropriate values of o and A. This gives:

; v 13.:.’;:>
j Cesr) = 3o Cegs R) exp ~ A ( CZ> ( pc X (p>2 )
i
and 2 ‘
. . -2 V_.\x
J (ey7) = Jg (egsR) exp K] (02, 3(p << &)

We see that for p << & the charge to mass dependence is contained inx as 1
with diffusion-convection and the inverse Fermi energy loss cannot explain the
observations. (Note that this term becomes relatively less important than diffusion-

convection at low energies for this type of scattering). . |

For (p > & )the fractional modulation at low energies is % . -‘1; -~ becoming

% ._}2 , at high energies, Such a modulation is in agreement with the observations

P j
at low energies, but is somewhat too strong a function of P at high energies. Thus |
although the data at low energies could be explained by the inverse Fermi process alomnd
it is likely that both this process and diffusion-convection play a role in both energy

P




| ranges -- with the relative mangitude of each varying with energy., This possibility

is further heightened by the fact that a continuous distribution of scattering

‘ lengths (and M.F.P.) probably exists in interplanetary space. Even with such a

E distribution the diffusion convection picture cannot explain the results, however,
Finally we should note that there is need to investigate the effects of the

spectrum term itself on the fractional and relative modulations as well as the effects of

betatron deceleration. This later effect is, in fact, very similar to the diffuse

scattering (p > &) inverse Fermi effect -~ for in both cases a net loss of energy

is continuously occurring,




FIGURE CAPTIONS

Figure 1 Ratios of fractional changes measured in low energy protons and
helium nuclei to those observed in neutron monitors. The energy
dependence of the modulation of both protons and helium nuclei is
~1/8 but at the same velocity the fractional change of protons is
~2 X as great,

Figure 2 Data presented in Figure 1, plotted (squares) as a function of

rigidity and showing equal proton and helium modulation at the

same rigidity. Circles show proton and helium modulation derived
from all available data extending over the entire solar cycle and

discussed in the text.
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RAPPORTEUR PAPER ON "SPECTRA"

by

C. J. Waddington

This paper attempts to summarize some of the more striking and interesting results
reported to this conference during the sessions on "Spectra". Inevitable, due to the .
limited space available and the large number of papers presented in these sessions,
some form of selection has been essential and it has been necessary to omit any
reference to scme important and interesting results which have not conveniently
fitted into the framework of this repart. This selection reflects the author's
personal bias and should not be taken to imply any judgment on the scientific
worth of these omitted papers. |

The sessions on Spectra, together with a few papers in other sessions, covered

essentially five differgnt aspects of cosmic ray studies, Each of these will be
considered in tum, .
(1) X-ray and y-ray astronomy: | ‘
Following a review paper by Oda(invited paper) which summarized current develomenﬁ
in this field, several papers were presented to this conference on high energy x-ray:
and y-ray observations made frum balloons or sounding rockets. Previously only one
point source of high energy (15-60 kev) x-rays had been reported in the literature,
Details of this observation nf the Crab Nebula with a detector flown on a balloon
were given to this confeence by Clark (SPEC 2) while McCracken (SPEC &) reported
the observation of another point source in the vicinity of Cygnus A, using a detectorj
very similar to that employed by Clark. The angular resolution of this detector was
inadequate to distinguish between Cygnus A and Cygnus X-1, the source of soft z-rays
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detected previously, which are some 6° apart. However, it seems reasonable to
postulate that McCracken did indeed observe the latter source, since Cygnus A
does not appear to be a strong source of soft x-rays. A third observation of
point sources of energetic x-rays came from Hayakawa et al (ACCEL 6) who reported
rocket observations on 5-20 keV photons and saw point sources coinciding with
Scorpio X-1 and Cygnus X-1, These workers also reported observations on the
general isotropic background which revealed x-rays having the same spectral form
as those observed for point sources but having appreciably greater intensity than
that observed for any individual source, In general, these observations on x-ray
sources and on the isotropic background indicate that the subject of x-ray
astronomy is active and rapidly developing, and a field that should have been
covered in much greater detail in a conference on cosmic radiaticn,

Gamma~ray astroncmy, on the other hand, still has scme resemblence to the
discipline of excbiology, in that as yet neither subject has any definitive
data to impede theoretical speculation, No point source of energetic, E > 10 MeV,
y-rays has been detected thus far nor is there definitive evidence for a general
background, Thus, the experimental data consists solely of flux limits for the
background and for various likely point sources. At this conference, Cobb et
al (SPEC ) reported the lowest flux limit yet obtaineu for any object, quoting
a limit for the Crab Nebula of less than 5,103 y/c:m2 sec for the flux of y-rays
having E 2 100 MeV as well as a number of higher limits for other possible
astronomical sources. These limiting values were obtained from a spark chamber
array flown on a high altitude balloon near the equator and illustrate the advantages
in reduction of background that can be obtained by equatorial flights. Finally,
at much higher energies, Fruin et al (SPEC 3) described observations made with
grourdbased Cerenkov detectors which set upper limits of 10-11 to 10-12 \r/cm2 sec

on the flwes of y-rays with E » 1013 eV from a number of quasars and other plausible

sources, These limits are very similar to those obtained with similar techniques
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by Chudakov et al (1963) for é. nunber of other celestial objects.
(2) Electrons in the Primary Cosmic Radiation:

Ti.» observation and detailed study of primary electrons in the cosmic radiation
is of great interest both to astrophysicists and radio astronomers, Current
knowledge of the properties of these particles was summarized in an invited
paper by Meyer. A number of new results were reported at this conference which
related to the intensity, energy spectrum and charge ratio.

The various results reported for the intensity are shown in Figure 1 which
illustrates the wide spread that exists in these values.. Shown are the integral
intensities reported by Agrinier et al (SPEC 8), Rubtsov (ZPEC 6), Daniel and
| Stevenson (SPEC 9) and Waddington and Freier (SPEC 10), together with the integral
_—; sﬁectmn between 0.5 and 3.0 GeV calculated from the differential spectrum of

AJ/&E = 11 x E~1e6 * 0. electrons/m?sec, ster, GeV reported by L'Heureux and
Meyer (SPEC 5), It is apparent from this figure that the results of Rubtsov
are in disagreement with those reported by other workers, Since the counter

array used in this experiment has not been calibrated with a beam of electrons

of known energy and since it represents a rather complex and devious method of

electron detection, it would appear that the acceptance of these results must

await further experimental confirmation.,

Observations on the energy spectrum of the electrons are collected in Table I
which lists the values of the integral and differential exponents of the quoted
spectra on the assumption that this can be represented by a power law of the form
4J/dE = KE-Y over the range of energies covered in each experiment. Included in
this table are the results of Bleeker et al (SPEC 7) who reported a value for
the spectrum but were unable to determine an absolute intensity. An examination
of this table shows that at the lower energies this spectrum is apparently not
as steep as that of the primary cosmic radiation, but that at higher energies,

there is some indication of a steepening. If verified, this behavior should

AP AlpAntme U T Naduldn U T Zatnanin and N M.Nestapnva.lainur Canf. . 199 (1963).
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provide an interesting indication of the nature and propagation of these electrons,
although the possibility that these changes in the form of the spectrum are simply
the consequence of residual solar modulation effects should not be disregarded.
None of the results reported thus far have been accurate enough to permit any
study of the effect of solar modulation but it would appear from the two values
quoted by Waddington and treier for 1963 and 1964 and the agreement between the
value reported here by Agrinier et al and that reported previously, that solar
modulation effects are not grossly more serious than those observed for protons

of similar rigidity.

Agrinier et al and Daniel and Stephens both reported using the east-west effect
to examine the positron-negairon ratio of -4 and 15 GeV electrons respectively,
Agrinier et al fomd that their data was consistent with the electrons all being
negatively charged and reported that even in the limiting case of an infinitely
steep energy spectrum e~/(e* + e) > 0,62, This result is in agreement with the
regatron excess reported by Meyer in his review paper for electrons of rather
lower energy. At very high energies, ~15 GeV, Daniel and Stephens examined this
problem but have as yet results of extremely limited statistical weight and can
not really draw meaningful conclusions,

It was pointed out by several authors that the general run of the intensities
shown in Figure 1 are considerably too great to be accounted for solely by the
secondary production of electrons during the passage of the nucleonic cosmic
radiation through reasonable amounts of interstellar matter. The essentially
primary nature of these electrons is also suggested by the negatron excess
obgserved by Meyer and by Agrinier et al and it appears reasonably well established
by now that the electrons observed near the earth mainly originate in accelerative
processes.

(3) Protons and Helium Nuclei:
Studies of the low and interinediate energy pmtoxis and helium nuclei in the

primary cosmic radiation present one of the most direct and critical ways of




- 128 -

investigating the processes of solar modulation, The shapes of the low energy
spectra of nuclei having different charge to mass ratios and the temporal
variations of the differential intensities represent data which must be
explainable by an acceptable model of solar modulation, However, only in the
past few years has it been possible to make measurements of good statistical
weight and small apparent systematic error on the protons and the helium nuclei.
As a consequence, it is only now at this conference that results have been reported
which reliably measure the temporal changes of these components and thus impose
severe limitations on the possible modulation processes.

In the intermediate energy range, from the atmospheric cut-off for balloon
borne detectors of .80 MeV per nucleon, to the relativistic region of 2 1 GeV
per nucleon, the results of greatest statistical weight were those presented by
Ormes and Webber (SPEC 12,13)., Taese are illustrated in Figures 2 and 3 which
show the differential proton and helium rigidity spectra observed in 1363 and in
1964, The effects of solar modulation can be clearly seen in these figures and
it may be noted that over this time period the protons at a given rigidity clearly
experienced a larger increase than did the helium nucle. A comparison of the
energy per nucleon spectra, i.e. velocity spectra, showed this differential behavior
even more clearly, A similar effect was noted by Waddington and Freier (SPEC 10)
whose results, which also cover 1963 and 1964 but are of lower statistical weiéht,
are in good agreement with those of Ormes and Webber, suggesting that there are no
serious systematic errors present in either of these measurements. This general
agreement is largely supported by several other results reported here on proton or
helium nuclei measured at times comparable either with 1963 or 1864, Neelakanton

(SPEC 17), Fichtel et al (SPEC 19) and Balasubrahmanyan et al (SPEC 31), and even

possibly with the somewhat discordent results presented by Courtier and Linney(SPEC 21)

However, this agreement is not perfect and it must be emphasized that there is no

external evidence to prove that Ormes and Webbers' results do not suffer firom

4
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systematic errors of as much as 5%. As a consequence, the lack of statistical
errors on Figures 2 and 3 should not be taken too seriously when absolute values
are being considered, although such systematic errors, if present, should not be
so serious in the study of comparative changes. It thus seems that it is now
possible to make rather precise studies of the temporal behavior of these particles
provided sufficient care is taken in the analysis and in correcting for background
effects, These results have already placed stringent requirements on tl.e models
of solar modulation, and should lead to greatly improved models.

One word of caution may be interposed here, Many of the earlier results,
those for example, on the helium nuclei, appear to exhibit gross differences even
when periods of apparently similar solar modulation were compared, However, most
of these results were obtained at times of high solar modulation, when interplanetary
conditions were extremely disturbed., It is i)ossible that the large measure of
agreement being obtained at present is more a function of the relative solar
inactivity than of more reliable experimental data, and that violent disagreements
may again appear with the onset of the new solar cycle and increased solar activity.

At high energies, > 5 GeV per nucleon, Neelakantan and Shukla (SPEC 16) and
Agarwal et al (ISOT2) reported observations on the energy spectrum of helium
nuclei and the intensities of protons and helium at 16,8 GV rigidity which appear
to be an improvement on those previously reported, but do not represent any
drastic change.

Some of the most interesting results cn these nuclei were those reported on the
low energy, E < 80 MeV per r.ucleon, particles observed with satellites. Fan et al
(SPEC 22) reported observations on low energy helium nuclei made between late 1963
and the end of 1964, Figure 4 shows the steady increase in differential intensity
and the flattening of the energy spectrum with decreasing solar activity that
typified those nuclei having 40 < E < 80 MeV per nucleon. It also shows evidence
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for a component of 3till lower energy helium nuclei, 7 < E < 20 MeV per nucleon,
which falls sharply with increasing energy., These particles are apparently
associated with even steeper proton energy spectra and show large temporal
variations although there is apparently always a finite intensity present. A
gimilar tum-up in the energy spectrum of the helium nuclei observed in 1965
was reported by Balasubrahmanyan et al (SPEC 31), Figure 5, but these workers
did not extend their measurements to quite such low energies as did Fan et al,
and, possibly as a result, did not observe an associated turn-up in the proton spectrun
except at times associated with definite solar activity., The origin of these low
energy particles appears to be quite obscure at present. They could have been
accelerated on the sun or in the interplanetary medium., Alternatively, fhey could
be particles of such low rigidity that they can preferentially leak through the
solar modulacion barrier,

A final result of interest in this section was the report by Balasubrahmanyan
et al {SPEC 31) that between 1963 and 1965 and for energies between 50 and 100 MeV

per nucleon, the helium nuclei apparently showed a larger increase in intensity

than did the protoris. This is the reverse of what was observed by Ormes and Webber
(SPEC 13) and Waddington and Freier (SPEC 10) between 1963 and 1964 for E 2> 100 MeV
per nucleon. The most logical explanation of this discrepancy would appear to be 1
that in 1965 the low energy additional component of helium nuclei described above
was of such a magnitude as to produce this effect. This would imply an appreciable

steady intensitv of these nuclei at or near solar minimum which is sharply

diminished at other times, |
(4) Isotopic Composition: i

Prior to this meeting there had been a number of reports on the relative
abundance of the He3 and He" nuclei which had, with just one exception, depended 1
on obtaining experimental mass resolution between these nuclei in nuclear emulsion |

detactors, At this conference, several new determinations of the ratio, I', of He3

I O . - - e - -
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to (He3d + He") were reported, two of which depended on electronic dE/dx versus
total E measurements, The resolution obtained in these observations was clearly
superior to that cobtained in even the most painstaking and careful emulsion
measurement, O'Dell et al (SPEC 33) and it seems clear that emulsions inherently
lack the uniformity necessary to permit unambigﬁous separation even between
isotopes as dissimilar as He3 and He". The various ratios reported as a function
of rigidity or energy per nucleon are given in Table II. - Of these results that
due to Balasubrahmanyan et al (SPEC 31) is a preliminary value taken from data
showing rather clear resolution on 0G0-I, that due to Hofmann and Winckler

(SPEC ) shows similarly good resolution and is from a balloon flight made at

a time, May 1965, when solar modulation was apparently at a minimum, The emulsion
data reported by O'Dell et al (SPEC 33) shows fair resolution which, however, is
not as clear as that of the previous experirnenfs, while Biswas et al (SPEC 18)
reported results having barely adequate resolution. Finally,Agarwal et al (ISOT2)
used a variable pressure gas Cerenkov counter to study this ratio at an extremely
high rigidity. These results are at present of limited statistical weight, but it
ic to be hoped that they will be improved in the near future since a measurement
of this ratio at high energies will be of considerable importance, particularly

in view of the suggestions that the fragmentation path length measured by the

L-nuclei may be energy dependent., Examination of Table II shows reasonable

agreement between the various reported results, particularly when it is appreciated

that the apparently anamalous value for r'(R) reported by O'Dell et al is for a
range of rigidities higher than that of the other experiments, where the shape
of the energy spectbwn is varying rapidly.
(5) Heawy Nuwclei, Z > 3:

Four years ago at the Kyoto Conference, it finally became possible to state
that general agreement had now been obtained on the relative abundance of the

fragmentation nuclei, lithium, beryllium and boron, L-nuclei, to the heavier,
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S-nuclei, This agreement applied essentially to the integral value of the L/S
ratio measured above 1.5 GeV per nucleon, i.e. to nuclei having a mean energy
of 3-4 GeV per nucleon. At this conference, papers have been presented which
discuss the variation of this ratio with energy and which show an unusual and
unexpected variation in this ratio of very low energies,

In the intermediate energy range, thc data of greatest statistical weight
was that presented by Webber et al (SPEC 30), Similar comments regarding
the significance of these statistical errors relative to possible systematic
errors should be applied to these results as were applied in Section 3 to the
results of Ormes and Webber on protons and helium nuclei, Figure 6 shows the
L/M ratio, where M-nuclei have 6 < Z < 9, plotted both as a function of rigidity
and energy per nucleon as observed by these authars. It can be clearly seen that
this ratio increases as the rigidity or energy decreases, with an indication that

it reaches a maximunm at about 400 MeV per nucleon, On these data the evidence

for a maximum is not conclusive, but other experiments reported here which

are discussed below clearly showed that at low energies the ratio falls
appreciably., The general trend and magnitude of the values shown in this
figure agreed well with the results reported by Anand et al (SFEC 27) and by
Freier and Waddington (SPEC 24), both of whom observed values for the L/M ratio
which were appreciably higher at 0,3 - 0,5 GeV per nucleon than at higher energies.
Arother interesting consequence of the great statistical weight of fhe results
obtained by Webber et al is that they were able to compare the energy spectra of
the various charge groups with those of the helium nuclei., This comparison is
ghown in Figure 7 and indicates that possibly the M and LH-, 10 < Z < 15, nuclei
have energy spectra whose exponent in the power spectrum, here assumed to be of
the form dJ/dP = KP~y,is 0.1 to 0,2 greater than that of the helium nuclei,
Confirmation of this result would be most important, suggesting as it does that

appreciable composition changes may exist between the 109 ~ 1010 ev per nucleon
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typical of these measurements, and the 1014 eV and above typical of air shower
experiments.

| The rather unexpected decrease observed in the L/M ratic at low energies was
;, | just one of a number of observations reported here which showed that previous

| simple minded ideas of the production and propagation of the low energy cogmic
ray nuclei must be drastically modified. In its simplest form the model
customarily assumed for production and propagation suggests that one initially
starts with some unspecified cosmic ray source(s) which inject nuclei into the

interstellar matter with a particular energy and charge spectra. These nuclei

e

then propagate through the interstellar medium undergoing fragmentation and
ionization losses which change the charge and energy spectrum respectively.
The preéence of L-nuclei shows almoét certainly that fragmentaticn plays an
important role in the overall propagation and in order to explain the data on
these nuclei and on the He3 nuclei at low energies it seems reasonable to assume
that the relativistic particles E 2 1 GeV per nucleon have traversed approximately
3 g/cm? of interstellar matter, while those of some 200 - 300 MeV per nuclecn have
traversed as much as 6 g/cm?, Now the traversal of such quantities of matter
might be expected to produce, as a result of ionization energy losses, very
obvious shaping of the low energy end of the energy spectra, with nuclear species
of increasing Z being more and more depressed in intensity and more and more
sharply cut-off at low energies relative to, for example, the helium spectrum,
Apparently this does not happen and there appears tc be little or no evidence
for appresiable shaping of the energy spectra by ionization loss. It is thus
' necessary to make a clear distinction between the a:bunt of matter traversed
which causes fragmentation and that traversed while the de-acceleration due to
ionization loss deminates the accelerative processes acting on the nuclei. In
the light of the evidence presented to this conference, it would seem that

accelerative processes other than ionization losses are present and dominate during

the traversal of most of the matter responcible for fragmentation.
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The first report that indicated that samething unexpected was occurring at
lower energies was the observation by Waddington and Freier (SPEC 25) that the
VH-nuclei, 20 < Z < 28, which should be those most seriously affected by
ionization losses, appeared to have a low energy spectrum similar in shape to
that of the helium nuclei, FPurthermore, the intensity was that expected from the
VH-helium ratio measured at high energies, whereas ionization loss should have
depressed the intensity of the VH-nuclei by more than a factor of two, These
results are shown in Figure 8 and indicate that these nuclei have passed through
appreciably less than 2 g/ am? while being influenced solely by ionization loss.
More spectacular reults, apparently indicating the same thing, were reported by
Comstock et al(SPEC 23) and Balasubrahmanyan et al(SPEC 31),who both reported the
observation of appreciable numbers of very low energy heavy nuclei ,having an
essentially flat energy spectrum in an energy range where the spectrum of the helium
nuclei was falling sharply. Figure 9 shows the spectra reported by Comstock et al
(SPEC 23) for various nuclei, A comparison of these spectra with that shown in Figure
4 for the helium nuclei shows that far from exhibiting a more steeply falling spectrum

these heavy nuclei have much flatter spectra. This is, of course, quite inconsistent

‘with the pure ionization loss hypothesis. Another very interesting aspect of these

satellite data is illustrated in Table III which gives the abundances relative to
carbon at 100 MeV per nucleon and greater than 600 MeV per nucleon as observed by
Balasubrehmanyan et al(SPEC 31). There seems to be a virtually complete absence of

i
1
|
i

lithium and beryllium nuclei at these low energies,but appreciable quantities of boron,

As a consequence, the L/M ratio is appreciably less than that observed by,for example, '

l

i

Webber et al, at 300 MeV per nucleon., This general tendency for the relative abundance

of the L-nuclei to fall at lcir energies was also observed by Comstock et al and by

due to energy dependent changes in the fragmentation parameters, which seems most likel!
particularly in view of the abundance changes within the l~nuclei group,or to some othei

cause,must await further i}ggerimental study.It is, for example,conceivable that many

i

Fichtel et al (SPEC 28) and must be accepted as being well established. Whether it is i
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of these low energy nuclei are of solar origin and that the observed spect.a
is a combination of solar and galactic components, Philosophically, this is
an wnattractive assumptions, as it demands a fortuitous coincidence between
the intensities of the two components, but it would explain in a natural way
the apparent lack of lithium and beryllium at low energies, although then the
presence of appreciable amounts of boron becomes puzzling.

These data at low energies are extremely important and it is interesting
to compare the various results for checks on the consistency. While the
overall agreement between the two satellite experiments is quite good, there
are some discrepancies in points of detail, Comstock et al reported appreciably
more L-nuclei than did Balasubrahmanyan et al and also claimed that oxygen was
more abundant than carbon, the reverse of what is observed at higher energies
and what Balasubrahmanyan et al reported. It is not clear at present whether
these differences are statistically significant,

The absolute intensity values observed in these satellite experiments appear
to be in reasonable agreement with each other and with the values reported by
Fichtel et al. It is also interesting to note that the high energy intensity
of silicon reported by Comstock et al is in very good agreement with a value
quoted by Waddington and Freier (SPEC 25) from a balloon borne detector.

A final observation of a rather different nature concerns the intensity of
nuclei appreciably heavier than iron, 2=26, Webber et al and Waddington and
Freier each reported systematic observations on rather morethan 300 VH-nuclei,
20 < Z < 28, The first grouwp saw one probable 7=40 nucleus and one possible
Z=40 nucleus, while the second group saw just one Z=32 nucleus, However, at
this conference, Walker et al (TECH 9) reported the first results from a new
technique which should greatly improve knowledge on the abundance of these
nuwclei. These workers find that certain crystals in meteoritic material show
evidence for damage which was most prubably caused by stopping VH-nuclei and that

by suitable treatment short tracks appear whose length depends rather critically
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on the charge of the stopping nucleus, These crystals then behave like very
insensitive nuclear emulsions which have had an exposure time equal to the
1ifetime of the metecrite and, as a consequence, there are large numbers of
tracks in small volumes of the crystal. As yet, Walker et al have been unable
+o calibrate this technique and as a result they did not wish to quote a value
for the relative abundance of the Z > 30 nuclei, however, examination of their
data suggests that the ratio of VH-nuclei to still heavier nuclei is about
1:10=%, This value would suggest that these very very heavy nuclei have an
abundance somewhat similar to that of the cosmic abundances, rather than showing
the typical cosmic ray overabundance of high charge nuclei. This behavior is
what would be predicted by Colgate (ACCE-4) on the basis of his theory of a

supernova origin for cosmic rays.
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TABLE I

Form of the Electron Energy Spectrum. On assumption that:

?EJ' = K=Y
Author Differential Integral Energy Range
Y : Y-l GeV
L'Heureux and Meyer 1.6 + 0.5 (0,6) 6.5 - 3,0
Waddington and freier 1,64 (0,6) 0.5 - 5,0
Bleeker et al 1.9 + 04 (0.9) 2,0 - 15,0
Rubtsov (2.8) 1.8 3.5 - 8,0
Agr’inier et al (300) 200 : 0.5 uos - 8.0
Daniel and Stephens (2.2) 1,24 15 - 50

aThese are emulsion experiments in which the statistics are really too limited to permit !

a reasonable determination of y or y‘l.

TABLE II
Values of the ratio of He3 to (He3 + Heu),r (R or E), as a function of

energy per nucleon or rigidity.

AR AE

Technique (R) av r(E) MeV/Nucleon Date Authors

& W E - - 0.10-0.15 ~50-100 1965 Balasubrahmanyan
et al (SPEC 31)

% Ve E 0.39:.0.09 ~0.8 0.19;"_0.05 80-150 1965 Hofmann and
Winckler(SPEC )

Pnulsion 0.32+0, 07 0.85-1.,12 O, 11:_"_0 .03 115=210 1963 Biswas et al

. (SPEC 18)

Emulsion 0.1110.0‘4 1.2=1,5 0.10:_0.03 215~368 1963 O0O'Dell et al

(SPEC 33)

Gas Cerenkov  0,45+0,23 16,0 - - 1965 Apgarwal et al

(T20T2)

|
1
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TABLE IIT

Abundances of various elements relative to Carbon as observed by
Balasubrahmanyan et al (SPEC 31)

. Element Abundance
' E=100 MeV per nucleon E > 600 MeV per nucleon
Under 2.8 g/am2 of atmosphen

Li 0.01 0.3
Be 0.01 0,2
B 0.3 0.4
c 1.0 1,0
N 0.2 0.3 i
0 0.8 0.8 ‘
T - 0,04 J

Ne - 0.14
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FIGURE CAPTIONS:

Fig. 1

Fig. 2

Figo 3

Fig. 4.

Fig. 5

Fig, 8

Flux values of electrons reported by various groups at this conference,

see text.

The differential rigidity spectra of protons observed in 1963 and 1964,
statistical errors are less than the size of the points, Ormes and

Webber (SPEC 13).

The differential rigidity spectra of helium nuclei observed in 1963 and

1964, Ormes and Webber (SPEC 13),

The differential energy spectra of helium nuclei observed by satellite at
a number of periods between 1963 and 1964, Notice that in order to compare
these results with those of other workers, the energy scale should be
multiplied by four, so that the energies are expressed as energies

per nucleon., Fan et al (SPEC 22),

The differential energy and rigidity spectra of protons and helium nuclei
as observed from satellites and balloons in 1965, Balasubrahmanyan et
al (SPEC 31),

The ratio of L to M-nuwelei as a function of energy per nucleon and of

rigidity, Webber et al (SPEC 30).

The ratio of the diffevential intensities of helium nuclei to those of
varicus other charge groups plotted as a function of rigidity, Webber
et al (SPEC 30).

The differential energy spectrum of VH-nuclei as observed in 1964, The
curve labeled VH(1964) shows the expected form of this spectrum if the
VH-nuclei had passed through just 2 g/ cn? of interstellar hydrogen and
had an energy spectrum similar to that of the helium nuclei shaped by
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Fig. £ (continued)
ionization energy loss, Waddington and Freier (SPEC 25).

Fig., 9 The differential energy spectra of several different species of nucleus
as observed on 0G0-~I. Camstock et al (SPEC 23),
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